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ABSTRACT 
Efficient road networks are an integral aspect of the transport infrastructure of 
any modern economy and sound pavement design, along with effective maintenance 
programmes, are crucial to the continued quality and value of these assets.  Polymer 
modification of the asphalt is frequently used to enhance the pavement durability 
performance.  However, the benefits of polymer modification are not always clear to 
the designing engineer.  Laboratory tests to assess asphalt performance often require 
large quantities of material, highly specialised test equipment and considerable 
amounts of time.  Whilst the advantages of polymer modification on deformation 
resistance are well accepted, its impact on cracking and fatigue is less well defined.  
This research was therefore undertaken to quantify the effect of polymer 
modification on the cracking and fatigue performance of asphalt, and to develop 
methods to minimise the time and materials required to perform the laboratory 
assessments. 
A novel technique to analyse the performance of full asphalt mixtures utilising a 
standard laboratory dynamic shear rheometer (DSR) was developed using very small 
sample sizes.  The technique was validated by comparing the results to existing 
testing geometries, with the new method shown to depict the viscoelastic behaviour 
of the asphalt. 
The asphalt’s fundamental fracture mechanics properties were investigated via 
the semi circular bending geometry, with the improved performance of the polymer 
modified asphalts in terms of fracture toughness and strain energy release rate 
demonstrated.  A crack growth law based on the generalised J-integral was developed 
and used to determine characteristic material parameters which were used to predict 
pavement service life.  Crack propagation of the semi-circular bending geometry 
under monotonic loading was modelled using the Extended Finite Element Method 
with the time dependent viscoelastic properties within the model determined using 
the small sample size technique, and modelled using a fractional viscoelastic element.  
ii 
 
The calibrated model was used to predict the load-displacement behaviour of 
specimens, and the improved crack resistance of the polymer modified asphalts 
verified. 
Binder fatigue behaviour was analysed using the DSR and the improved damage 
resistance of increasingly polymer modified binders verified.  Asphalt fatigue was 
assessed using traditional large scale trapezoidal two point bending, cyclic semi-
circular bending and small specimen sized tests on the DSR with the effect of polymer 
modification evaluated.  Viscoelastic Continuum Damage (VECD) theory was 
successfully applied to the results with the potential for significant reductions in test 
durations using this approach demonstrated.  
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1 INTRODUCTION 
Naturally occurring bitumen has been used as an adhesive and waterproofing 
construction material since ancient times (Rullkotter and Nissenbaum 1988).  The 
first recorded use of bitumen as part of an asphalt pavement was in ancient Babylon 
around 625 B.C. with the word asphalt deriving from the Greek word “asphaltos” 
meaning “secure”.  However, it was not until the 19th century that its use in paving 
applications really began to grow. By 1907 the use of refined bitumen from crude oil 
overtook that of natural bitumens, and as the number of motor vehicles rose in the 
early 20th century so did the number of roads to accommodate them and with that 
the current pavement engineering knowledge and innovation developed. 
The technology of paved roads as we know them today began in the early 19th 
century.  Early pavements had been produced using rounded gravel and stones, but 
John Macadam showed that compacted crushed angular aggregate would provide 
improvements in loading capacity and, by limiting the maximum aggregate size to 
25mm, an improved ride quality.  Coal tar was later used to bind the aggregate 
together to produce a “Tar Macadam” with the first pavement laid near Nottingham 
in 1848.  In the early 20th century a wide range of proprietary tar and bitumen bound 
materials were in use, but as refined bitumen became widely available this became 
the binding material of choice. 
As traffic volumes continued to grow it was recognised that improved mixtures 
and binders were needed to maintain the pavement’s performance.  The design of 
asphaltic pavement can be a complex process with a wide range of potential 
aggregates, binders and mixtures available, all with the ultimate objective of 
producing a pavement that has sufficient load bearing capacity for the traffic, is 
resistant to deformation, and has a long service life.  With budgets for road 
maintenance under constant review the pavement lifetime is under increasing 
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scrutiny and in particular its ability to resist the modes of permanent damage such 
cracking and fatigue failure as seen in Figure 1-1. 
 
Figure 1-1: Typical cracking observed in an asphaltic surface 
The typical asphalt failure mechanisms of rutting, cracking, and long term fatigue 
durability have been practically addressed by improvements in mixture design and 
the addition of polymers to the bitumen to produce polymer modified bitumens 
(PmBs).  In the USA the Strategic Highway Research Program (SHRP) led to the 
implementation of the Superpave (SUperior PERforming Asphalt PAVEments) system 
(Kennedy et al. 1994) for binder specification and asphalt design which further 
increased the use of polymer additives to increase the Performance Grade (PG) range 
of their binders.  The use of PmBs in asphalt to resist deformation, i.e. rutting, is 
relatively well established (Valkering et al. 1990) but their use to improve fatigue life 
is less well defined even though in practice they have often been used with this 
purpose in mind (Delorme, de la Roche and Wendling 2007).  However, there remains 
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a need to develop laboratory tests which can determine the fundamental properties 
of the modified asphalt, and hence provide a sound engineering basis for the 
specification of PmBs. 
At a national United Kingdom level the 2015 “ALARM” survey (Asphalt Industry 
Alliance 2015) estimates that there exists a 13-year backlog of carriageway 
maintenance works in England and a shortfall of £12 billion in funding to achieve this.  
Under these financial pressures it is clearly not straightforward for a highways 
engineer to justify the additional up-front costs incurred by specifying polymer 
modified bitumen over penetration grade bitumen in their asphalts.  However, if clear 
and practical testing methodologies can be developed, and the results quantified, 
then a longer life pavement construction can be achieved.  Furthermore, as new road 
construction in the major emerging economies such as Brazil, Russia, India and China 
continues apace it is crucial that the pavement is constructed to the highest possible 
standards in the first instance to ensure long lasting highway networks. 
1.1 Research Scope 
This research is focussed on the study of PmBs and asphalt using the latest 
theoretical and modelling approaches, with particular emphasis on the cracking and 
fatigue behaviour of the materials.  The programme of work is organised to validate 
existing models, and also to extend them to more completely incorporate the effects 
of polymer modification.  The research aims to develop testing protocols which 
reduces both the time and material required to determine the fundamental 
properties of asphaltic materials. 
The non-linear viscoelastic behaviour of bitumen and asphalt creates a highly 
challenging material to analyse.  With the inclusion of PmBs in asphalt this analysis is 
further complicated due to the potential for recovery and healing of the material.  
The Superpave research programme provided the first widely recognised bitumen 
test indicator for fatigue cracking based on bitumen rheology (Anderson and Kennedy 
1993).  However, experience since then has shown that, especially for PmB, this is a 
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relatively poor indicator of on-site behaviour (Deacon et al. 1997, Tsai and Monismith 
2001).  Over the past two decades further studies have taken place to find alternative 
bitumen rheological parameters relating to asphalt fatigue performance with mixed 
degrees of success (Bahia et al. 2001, Cho et al. 2009).  However, as bitumen is the 
adhesive material in the asphalt mix it appears clear that some relationship should 
exist between the properties of the bitumen and that of the asphalt. 
The majority of state of the art research on asphalt fatigue has been undertaken 
using unmodified binders as the focus has been on developing the initial theory and 
models (Kutay, Gibson and Youtcheff 2008, Huang et al. 2007, Masad et al. 2008a, 
Underwood, Kim and Guddati 2006).  By further analysing polymer modified mixtures 
not only will the existing models be tested, but extensions to them may be developed 
which can account for their enhanced performance characteristics. 
A Paris-law approach is often taken as a first step in the modelling of fatigue 
cracking behaviour of asphalt, but this elastic model is unable to describe the true 
properties of the material due to asphalt’s non-linear viscoelastic characteristics.  
Schapery’s theoretical work (Schapery 1984) provided the basis for much of the 
fundamental research of the last 25 years by showing how the continuum damage 
mechanics problem could be simplified through the use of pseudo variables and the 
J-integral.  Using this approach the energy dissipated in creating damage within the 
material may be separated into the linear and nonlinear viscoelastic responses 
(Daniel, Bisirri and Kim 2004, Masad et al. 2008b) allowing the fundamental material 
characteristics to be more clearly evaluated.  Additionally, significant reductions in 
testing time may be achieved using this method by relating tests at high stresses and 
strains to performance at lower levels. 
Many different testing geometries and procedures are used in the asphalt 
industry including 2, 3 and 4-point bending, indirect tensile fatigue, and uniaxial push-
pull testing.  This results in a significant degree of confusion for both specifiers and 
industrial practitioners as the results cannot easily be translated between the 
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different methods.  Therefore, improved asphalt fatigue testing and analysis 
techniques would be of considerable benefit to industry.  Furthermore, utilising 
standard bitumen testing equipment to determine asphalt properties would lead to 
significant savings in testing and analysis time and materials.  Laboratory equipment 
for the rheological measurement of bitumen is now routinely available, and in recent 
years the torque capabilities of the modern devices has increased to such an extent 
that not only are they capable of measuring the viscoelastic properties of bitumen, 
damaging levels of strain are possible even in relatively stiff materials such as asphalt.  
A novel technique using such a device will be explored for small volume samples of 
full asphalt mixes. 
1.2 Thesis Organisation 
1.2.1 Chapter 2 : POLYMER MODIFIED BINDER MANUFACTURE AND 
CHARATERISATION 
This chapter details the selection and manufacturing steps of the binders tested 
in this study.  The binders produced were then analysed using a wide range of 
techniques from traditional empirical tests, to analytical and rheological analysis. 
1.2.2 Chapter 3 : SMALL ASPHALT SPECIMEN SIZE METHODOLOGY 
In this chapter a novel use of a dynamic shear rheometer and small sized 
specimens was developed to allow testing of dynamic properties of asphalt.  The 
technique was validated by comparing the data produced to that from other testing 
geometries with the asphalt rheology modelled with a springpot model as well as 
traditional spring and dashpot models. 
1.2.3 Chapter 4 : ASPHALT FRACTURE AND CRACK PROPAGATION 
The measurement of asphalt fracture properties and crack propagation was 
explored within this chapter.  The semi-circular bending (SCB) geometry was used to 
determine the fundamental material properties of fracture toughness and strain 
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energy release rates.  Linear and non-linear models of crack propagation were 
explored, and the impact of polymer modification determined. 
1.2.4 Chapter 5 : EXTENDED FINITE ELEMENT MODELLING 
This chapter utilised the laboratory data generated in previous chapters to 
develop a finite element model capable of depicting the crack propagation in a 
monotonically loaded SCB specimen.  The extended finite element technique was 
then used to allow realistic crack propagation to be modelled. 
1.2.5 Chapter 6 : BITUMEN-AGGREGATE BOND STRENGTH 
MEASUREMENTS 
The surface energy characteristics of the bitumen and aggregates used to 
manufacture the asphalt in previous chapters were explored in this chapter.  The 
theoretical work of adhesion between the bitumen and aggregate was determined 
and techniques developed to determine the practical work of adhesion at high strain 
rates. 
1.2.6 Chapter 7 : CONTINUUM DAMAGE MECHANICS ANALYSIS OF 
BITUMEN AND ASPHALT FATIGUE 
In this chapter Viscoelastic Continuum Damage theory was applied to fatigue 
testing of bitumen using a rheometer and to asphalt using a number of different test 
geometries.  The performance differences between unmodified and polymer 
modified materials were validated and the significant reductions in overall test time 
achieved using this theory demonstrated. 
1.2.7 Chapter 8 : CONCLUSIONS AND RECOMMENDATIONS 
This chapter summarises the findings of the research project and suggests further 
areas to be investigated. 
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2 POLYMER MODIFIED BINDER MANUFACTURE AND 
CHARATERISATION† 
2.1 Introduction 
In this chapter unmodified and PmBs were both assessed to quantify their 
properties and the improvements in performance of PmBs relative to the unmodified 
binders.  Two options were available for the choice of PmBs to be used in this 
research.  The first option was to obtain commercially available PmBs from the UK 
and/or Europe.  This would have the advantage of the PmBs being ready-made and 
their suitability in asphalt already practically demonstrated in full scale pavement 
constructions.  However, the significant disadvantage with this approach would be 
that the binders become ‘black boxes’ with limited or no information available 
regarding their base bitumen origin or polymer composition. 
The second option, therefore, was to obtain penetration grade bitumen and 
produce the PmBs to known formulations.  This would then allow comparisons to be 
made between known crude origins, polymer type, and polymer content.  The 
disadvantage, of course, would be the extra work required to prepare the PmBs.  
However, it was felt that the advantages outweighed the disadvantages and also that 
                                                     
† This chapter includes results originally published in Lancaster I.M., and H. Al-
Khalid, (2012) “Attenuated total reflection Fourier transform infrared spectroscopy 
of polymer modified bitumen” Journal of the Institute of Asphalt Technology, Issue 
53,pp. 10-15, and Lancaster I.M. and H. Al-Khalid, (2012) “A rapid quantitative 
determination of polymer modified bitumen storage stability by FTIR” In: Tyrer M., 
Blacker A. and Bensted J. eds. Young Researchers' Forum in Construction Materials 
Society of Chemical Industry pp. 101 – 104, reproduced by permission. 
 8 
 
by having the complete knowledge of the PmB composition there may also be 
increased opportunities for binder analysis and modelling. 
This chapter, therefore, presents the detailed composition and analysis of the 
binders produced and utilised throughout this research. 
2.2 Materials 
Bitumen may be obtained from a wide variety of crude oil sources, although not 
all are suitable for use in paving applications.  Within the European Union the 
prevailing standard for the specification of penetration grade bitumen is EN12591 
(BSI 2009), and compliance with this standard is mandatory under the Construction 
Products Regulations for the application of CE-marking. 
In this research bitumen was obtained from three different crude origins which 
are typically used within the EU, namely Venezuelan, Russian, and Middle Eastern.  A 
50/70 grade was chosen as the base binder for this research as this is a typical 
penetration grade that would be used throughout large parts of Europe.  A 30/45 
Venezuelan bitumen was also obtained as a comparative harder grade.  The empirical 
testing mandated by EN12591:2009 of Needle Penetration (Pen), Softening Point 
(SP), and resistance to short term ageing via the Rolling Thin Film Oven Test (RTFOT), 
as shown in Figure 2-1, were performed on the binders and reported in Table 2-1, 
with estimated errors in the results included based on the repeatability values stated 
in the EN methods. 
The temperature susceptibility bitumen may be determined by measuring 
viscosity over a range of temperatures, but this is practically inconvenient.  Pfeiffer 
and Van Doormaal (1936) showed that temperature and the log of Pen were directly 
proportional to each other, and also that the SP corresponded to a Pen of 800 dmm.  
From this they developed a general equation to describe temperature susceptibility 
known as the Penetration Index (PI) 
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𝑷𝑰 =  
𝟏𝟗𝟓𝟐−𝟓𝟎𝟎 𝐥𝐨𝐠(𝒑𝒆𝒏𝒆𝒏𝒕𝒓𝒂𝒕𝒊𝒐𝒏)−𝟐𝟎𝑺𝑷
𝟓𝟎 𝐥𝐨𝐠(𝒑𝒆𝒏𝒆𝒕𝒓𝒂𝒕𝒊𝒐𝒏)−𝑺𝑷−𝟏𝟐𝟎
     Equation 2-1 
Typical paving grade bitumen have a PI in the range -1.5 to +0.7.  More highly 
temperature susceptible bitumens have a more negative PI, and less temperature 
susceptible bitumen such as oxidised and blown bitumens have more positive PI 
values. 
 
Figure 2-1 : Short term ageing in the Rolling Thin Film Oven Test 
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 30/45 
Venezuelan 
50/70 
Venezuelan 
50/70 
Russian 
50/70 
Middle 
Eastern 
Penetration at 25°C 
(100g, 5s) 
35 dmm 
(± 2 dmm) 
61 dmm 
(± 2 dmm) 
56 dmm 
(± 2 dmm) 
61 dmm 
(± 2 dmm) 
Softening Point 55.0 °C 
(± 1.0 °C) 
50.4 °C 
(± 1.0 °C) 
50.8 °C 
(± 1.0 °C) 
52.2 °C 
(± 1.0 °C) 
Penetration Index -0.82 
(± 0.3) 
-0.63 
(± 0.3) 
-0.74 
(± 0.3) 
-0.18 
(± 0.3) 
After resistance to 
hardening at 163°C 
    
Retained Penetration 74% 
(± 7%) 
64% 
(± 7%) 
54% 
(± 7%) 
59% 
(± 7%) 
Increase in Softening 
Point 
5.8 °C 
(± 1.5 °C) 
4.2 °C 
(± 1.5 °C) 
7.8 °C 
(± 1.5 °C) 
6.5°C 
(± 1.5 °C) 
Change in mass - 0.21% 
(± 0.15%) 
-0.38% 
(± 0.15%) 
-0.23% 
(± 0.15%) 
-0.16% 
(± 0.15%) 
Table 2-1: Empirical properties of the base penetration grade bitumens 
2.3 Polymer Modified Bitumen Production 
PmBs are typically used in practical situations to enhance the performance of 
asphalt.  Typical classes of polymer employed in the manufacture of PmBs include 
EVA (Ethylene Vinyl Acetate), SEBS (Styrene Ethylene Butadiene Styrene), EBA 
(Ethylene Butyl Acetate), SBR (Styrene Butadiene Rubber), and SBS (Styrene-
Butadiene-Styrene).  Whilst it is difficult, for commercial confidentiality reasons, to 
obtain accurate figures it is generally accepted that the most common type of 
modifier currently used in the production of PmBs is SBS.   
SBS is a block copolymer comprising of two end blocks of polystyrene and a 
central block of polybutadiene as shown in Figure 2-2, with “a” repeating units of 
styrene in the initial polystyrene block, “b” repeating units of butadiene in the middle 
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polybutadiene block, and “c” repeating units of styrene in the final polystyrene block.  
Polystyrene is a tough durable polymer with a glass transition temperature (Tg) of 
approximately +100°C whereas polybutadiene is a rubbery polymer with Tg typically 
less than -90°C.  It is the combination of these two polymer’s properties of low 
temperature polybutadiene flexibility and high service temperature polystyrene 
rigidity that makes the use of SBS in bitumen modification so prevalent.  The styrene 
groups have a tendency to self-associate which are then attached to one another by 
the polybutadiene chains.  During bitumen modification the SBS absorbs the oily 
components from the bitumen and swells in size, but the SBS network is retained 
leading to the modified binder having an increased elastic behaviour at elevated 
temperatures and reduced brittle behaviour at lower temperatures. 
 
Figure 2-2: Schematic of Styrene-Butadiene-Styrene Block Copolymer 
To have the most relevance to current practice this research was conducted using 
a widely used commodity grade of SBS, namely Kraton 1101.  Kraton 1101 is a linear 
SBS with physical properties supplied by Kraton Polymers as shown in Table 2-2. 
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Property Test method Units Typical Value 
Bound styrene Kraton Method 03 % mass 31 
Volatile matter Kraton Method 04 % mass 0.3 
Total extractables Kraton Method 05 % mass 1.0 
Solution viscosity 
(measured 25% mass 
solution in toluene at 25°C) 
Kraton Method 06 Pa.s 4.0 
Antioxidant content Kraton Method 08 % mass >= 0.14 
Melt flow rate 200°C/5kg ISO 1133 g/10 min <1 
Specific gravity ISO 2781 Mg/m3 0.94 
Hardness Shore A, 30s ISO 868  69 
Tensile strength ISO 37 MPa 33 
300% Modulus ISO 37 MPa 2.9 
Elongation at break ISO 37 % 880 
Table 2-2 : Kraton 1101 typical properties 
To produce the PmB the bitumen was heated to 180°C before incorporating the 
SBS using a high shear mixer, as shown in Figure 2-3, with high shear processing 
continuing for 2 hours at 6000 rpm.  Whilst thermal oxidation of the bitumen and 
degradation of the SBS will occur after extended periods Linde and Johansson (1992) 
demonstrated that even at 200°C after 3 hours the degree of polymer degradation 
was small. 
The polymer addition levels were chosen to reflect those understood to be 
currently used in practical pavement constructions.  The completed binder was then 
removed from the reaction vessel, partitioned into 500g containers and allowed to 
cool to room temperature to avoid repeatedly reheating one large bulk sample during 
subsequent testing. 
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Figure 2-3: Laboratory high shear mixer for the preparation of polymer modified 
binders  
2.4 Empirical Binder Analysis 
The same industry standard empirical tests were carried out on the PmBs as for 
the base bitumens with the results presented in Table 2-3, with the estimated errors 
in the results included based on the repeatability values stated in the EN methods. 
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 50/70 
Venezuelan 
50/70 
Venezuelan 
50/70 
Venezuelan 
50/70 
Russian 
50/70 
Middle 
Eastern 
Polymer 
Content (By 
weight) 
2.5% 5.0% 7.5% 5.0% 5.0% 
Penetration at 
25°C (100g, 5s) 
46 dmm 
(± 2 dmm) 
42 dmm 
(± 2 dmm) 
31 dmm 
(± 2 dmm) 
31 dmm 
(± 2 dmm) 
40 dmm 
(± 2 dmm) 
Softening Point 56.4°C 
(± 1.5°C) 
84.0°C 
(± 1.5°C) 
87.8°C 
(± 1.5°C) 
84.5°C 
(± 1.5°C) 
77.6°C 
(± 1.5°C) 
Penetration 
Index 
0.08 
(± 0.3) 
4.39 
(± 0.3) 
4.13 
(± 0.3) 
3.72 
(± 0.3) 
3.41 
(± 0.3) 
After resistance 
to hardening at 
163°C 
     
Retained 
Penetration 
65% 
(± 7%) 
76% 
(± 7%) 
84% 
(± 7%) 
84% 
(± 7%) 
74% 
(± 7%) 
Increase in 
Softening Point 
9.8°C 
(± 3.0°C) 
-8.9°C 
(± 3.0°C) 
-6.8°C 
(± 3.0°C) 
-9.6°C 
(± 3.0°C) 
8.8°C 
(± 3.0°C) 
Change in mass -0.36% 
(± 0.15%) 
-0.30% 
(± 0.15%) 
-0.28% 
(± 0.15%) 
-0.18% 
(± 0.15%) 
-0.02% 
(± 0.15%) 
Table 2-3 : Empirical binder test results 
The SP increased with polymer content leading to a large rise in SP at higher 
polymer contents.  In addition to the binders that were to be used in later chapters 
for the production of asphalt, further SBS content PmBs were produced to generate 
a more complete ‘S-curve’ for the 50/70 Venezuelan bitumen as shown in Figure 2-4.  
The large rise in SP can be seen to occur at approximately 4% polymer content, as 
after this point the polymer network becomes a continuous phase within the PmB. 
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Figure 2-4 : Softening Point versus polymer content in 50/70 Venezuelan bitumen 
The modified binders can also be seen to have a higher PI than the unmodified 
binders.  Whilst the PI equation is based on a number of assumptions it does provide 
a general overview of performance and suggests that the PmBs have improved 
temperature susceptibility. 
2.4.1 Dynamic viscosity profiles 
The dynamic viscosity according to EN13302 (BSI 2010) of the binders was 
determined at 150°C and 180°C using a Brookfield rotational viscometer as reported 
in Table 2-4.  At intermediate temperature bitumen exhibits non-Newtonian 
behaviour whilst at increasing temperatures it tends towards Newtonian flow 
although studies have shown that non-Newtonian behaviour is still present for PmB’s 
(Yildirim, Solaimanian and Kennedy 2000).  Therefore, as the purpose of these tests 
was to determine in service behaviour, a shear rate of 28 s-1 was used as an 
appropriate shear rate for pumping and mixing of the binders. 
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 Dynamic Viscosity at 
150°C / Pa.s 
Dynamic Viscosity at 
180°C / Pa.s 
50/70 Venezuelan 0.255 (± 5%) 0.088 (± 5%) 
50/70 Venezuelan + 2.5% SBS 0.540 (± 5%) 0.175 (± 5%) 
50/70 Venezuelan + 5.0% SBS 1.210 (± 5%) 0.385 (± 5%) 
50/70 Venezuelan + 7.5% SBS 2.570 (± 5%) 0.780 (± 5%) 
30/45 Venezuelan 0.385 (± 5%) 0.130 (± 5%) 
50/70 Russian 0.200 (± 5%) 0.068 (± 5%) 
50/70 Russian + 5.0% SBS 1.230 (± 5%) 0.380 (± 5%) 
50/70 Middle Eastern 0.306 (± 5%) 0.103 (± 5%) 
50/70 Middle Eastern + 5.0% 
SBS 
1.320 (± 5%) 0.460 (± 5%) 
Table 2-4 : Binder Brookfield viscosities 
The penetration grade bitumens all display broadly similar viscosities, but as 
expected the increasing polymer content led to a large increase in the viscosity of the 
PmB.  It is widely accepted that the optimum viscosity of a binder to achieve 
satisfactory coating in asphalt production is 0.2 Pa.s (Heukelom 1973), with this 
information used during asphalt production in later chapters. 
The testing carried out thus far provides only an empirical assessment of the 
binder properties.  For instance, the polymer grade used and the composition of the 
base binder both have an effect on the detailed shape of the curve in Figure 2-4, 
hence SP alone may only be used as a qualitative measure of the binder’s polymer 
content.  To obtain further fundamental properties of the binders, particularly the 
PmBs, additional analytical testing was carried out. 
2.5 Fourier Transform Infra Red (FTIR) Spectroscopy analysis 
Infra-red radiation in the region of 4000 – 400cm-1 is absorbed by chemical bonds 
producing vibrations which are characteristic of the molecule’s structure.  Beer’s Law 
(or sometimes Beer-Lambert’s Law) states that there is linear relationship between 
absorbance and concentration as given in Equation 2-2. 
Absorbance (A) = Molar absorbtivity (ε) x Path length (l) x Concentration (c) 
Equation 2-2 
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SBS and bitumen are both complex hydrocarbons and possess many of the same 
molecular bonds.  However, in the fingerprint region (1500 - 400cm-1) there are two 
absorbing bands which are found in SBS but not in bitumen which, whilst rather weak 
chromophores, are sufficiently strong enough to be used for identification and 
quantitative analysis purposes.  These chromophores are shown in Figure 2-5 and are 
the C-H out-of-plane bending of trans-alkene (butadiene) at 966cm-1 and the C-H out-
of-plane bending in monoalkylated aromatics (styrene) at 699cm-1. 
 
Figure 2-5 : FTIR Spectra of the fingerprint region of an unmodified, and SBS modified 
Venezuelan Bitumen, with the styrene and butadiene peaks highlighted 
In a traditional transmission Infra-Red spectrometer the IR beam passes through 
the analysed sample to a detector.  As bitumen is opaque in all but very thin films 
transmission IR analysis is very difficult to practically achieve.  Bitumen may be 
analysed in transmission if it is first dissolved in an appropriate solvent, and previous 
studies (Lu, Isacsson and Ekblad 1999, Masson, Pelletier and Collins 2001, Zhang, Yu 
and Han 2011, Sun, Zhang and Zhang 2011) have successfully used this approach to 
determine the polymer content of PmBs in transmission.  However, producing 
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samples in this way is not straightforward requiring considerable time and care to 
achieve reliable samples.  Furthermore, cleaning is messy and time consuming, and, 
due to the presence of solvent, health, safety and environmental considerations must 
be made regarding its use and eventual disposal. 
To analyse opaque materials the attenuated total reflection (ATR) method is more 
suitable (Yut and Zofka 2011) as shown schematically in Figure 2-6.  In this method 
the sample to be analysed is placed in contact with the surface of the ATR crystal.  
The incident IR beam passes into the ATR crystal at an angle exceeding the critical 
angle, and when it reaches the surface of the crystal it penetrates 1 to 2 microns into 
the sample where the chemical bonds in the sample are excited.  Depending on the 
size of the crystal the beam may then reflect within the crystal and back to the sample 
multiple times before finally being reflected back to a detector. 
 
Figure 2-6: Schematic of a 5 bounce ATR 
ATR crystals can be manufactured from a range of materials, and the choice 
depends on the type of sample to be analysed and the expected sample throughput.  
The most frequently encountered material is Zinc Selenide due to its comparatively 
low cost and good IR transmission properties.  Large multiple reflection crystals are 
readily available but Zinc Selenide is rather soft and therefore can easily be scratched 
and permanently damaged during cleaning.  Alternative ATR crystal materials include 
Germanium and Silicon, but the most robust choice is diamond.  The potential to 
cause damage to the diamond during cleaning and use is low, and the sample size is 
very small as the single bounce diamond is only 2mm in diameter.  Diamond does, 
Incident Beam Reflected Beam 
Sample ATR Crystal 
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however, have poor IR transmission in the range 2300 to 1800 cm-1 which can limit 
its potential study targets.  For the analysis of bitumen this does not present a 
problem as there are no bonds of interest in this range.  The cost of a diamond cell is 
obviously higher than the alternatives, but prices have fallen and for single reflection 
systems are now within the budgets of most laboratories. 
In order to establish the polymer content of an unknown sample, a value for the 
molar absorbtivity, ε, must be found from Beer’s Law.  Within the spectrometer, the 
path length, l, is fixed as the beam travels the same distance for each sample under 
test and is known by the spectrometer software from the geometry in use.  
Therefore, by measuring the absorbance at 699cm-1 and 966cm-1 of known polymer 
content PmBs the molar absorbtivity may be determined and subsequently used in 
the analysis of unknown polymer content binders. 
Spectra for all the binders produced in section 2.3 were collected using 16 scans 
at a resolution of 4cm-1 over the full range 400 – 4000cm-1.  These were then analysed 
by software included with the spectrometer to determine ε. 
2.5.1 Classical polymer storage stability testing 
Whilst a wide range of polymers are used to produce modified binders, the 
majority only have limited compatibility with the base bitumen which can lead to 
separation of the phases (Kraus 1982).  Numerous tests have been developed to 
determine the compatibility and storage stability of polymer modified binders, and 
in the UK the ‘beer can test’ was historically popular which, as the name suggests, 
filled a beer can sized container with modified binder.  Since the introduction of the 
European framework specification for PmBs EN14023 (BSI 2010) methods have been 
standardised across Europe and the method in current use is EN13399 (BSI 2010) 
often referred to as the ‘toothpaste tube test’. 
In this method, modified binder is poured into an aluminium tube which is 
approximately 160mm high by 25mm diameter until it is about three quarters full.  
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The end of the tube is folded over to seal the tube to minimise binder oxidation.  The 
tube is then placed vertically in an oven at 180°C for three days, although other 
temperatures may also be used.  Whilst ensuring the tube remains vertical the tube 
is then removed from the oven and allowed to cool to ambient temperature.  A 
heated knife is then used to divide the tube into three portions.  The middle portion 
is discarded, with the top and bottom portions retained for analysis as shown in 
Figure 2-7.  As the quantity of binder in each section is relatively small it is usually 
only possible to obtain a SP, although multiple tubes may be combined if additional 
tests such as Pen are required.  The difference between the test results of the top 
and bottom portions is used as an indicator of storage stability with a difference in 
SP of less than 5°C taken as the limit for a storage stable binder.  For SBS modified 
binders there is a tendency for the polymer to migrate to the top of the tube, which 
leads to an increase in SP relative to the bottom. 
 
Figure 2-7 : Schematic of storage stability test 
In this research no attempt was made to stabilise the modified binders during 
their production and as a result all the binders were found to be unstable as reported 
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in Figure 2-8.  However, by not stabilising the binders the inherent differences in the 
polymer compatibility of each of the crude sources could be assessed.  The Russian 
bitumen displayed the best polymer compatibility with the lowest difference in SP, 
and the Middle Eastern bitumen displaying the poorest compatibility with the highest 
difference in SP. 
 
Figure 2-8 : Softening Point storage stability results  
2.5.2 Methodology for FTIR analysis of polymer modified bitumen 
storage stability 
Once the sections had been heated for SP testing a heated glass rod was used to 
transfer a small quantity of binder, typically less than 0.1g, to the diamond ATR cell, 
and the binder’s spectrum recorded.  To record the spectrum and clean the ATR cell 
in preparation for subsequent tests was very simple due to the small sample size and 
robust nature of the diamond cell, with the entire operation complete in under five 
minutes.  A SP test, by comparison, uses far more binder and, if preparation, testing, 
and cleaning are considered, may take up to an hour to complete. 
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Once the top and bottom sections from all the binders had been tested, the 
polymer concentration was determined using Beer’s Law and the results presented 
in Figure 2-9.  As observed in the empirical SP testing earlier, the different bitumen 
origins show clear differences in storage stability results with the Russian bitumen 
again having the best compatibility. 
 
Figure 2-9 : Quantitative polymer storage stability results by FTIR  
2.6 Fluorescence microscopy 
Ultraviolet (UV) fluorescence microscopy has been utilised by researchers to 
study the dispersion of polymers in bitumen (Soenen, Lu and Redelius 2008, Isacsson 
and Lu 1999).  As bitumen has little or no UV fluorescence and polymers fluoresce 
strongly it is easy to visualise the dispersion of the polymer within the binder.  In this 
research an Olympus BX41 microscope using a high pressure mercury arc lamp as the 
UV light source was used with the images digitally recorded on a PC using an attached 
Firewire camera at a magnification level of 50 times as shown in Figure 2-10.  The 
image scale was calibrated using the graticule shown in Figure 2-11. 
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Figure 2-10 : Microscope with UV light source and digital camera attachment. 
 
Figure 2-11 : 100 micron length calibration graticule at 50x  
2.6.1 Polymer dispersion of Polymer Modified Binders 
EN 13632 (BSI 2010) describes a method for producing specimens for visual 
analysis of polymer dispersion by creating fracture surfaces in the binder for 
subsequent microscopy.  Whilst this method is valid it was found to be time 
consuming and the quality of the specimen variable, so in this research a simpler 
method was used.  Each binder was heated to 180°C, stirred, and a heated glass rod 
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used to transfer a drop of the binder to a cold glass slide.  Whilst the drop was still 
molten a cover slip was placed onto the hot binder and the binder allowed to cool to 
ambient producing a finished slide as shown in Figure 2-12. Due to the very small 
sample size this cooling occurs in a matter of a few seconds locking the polymer 
structure in place. 
 
Figure 2-12 : Microscopy slide produced using the binder drop method 
Micrographs were recorded of each of the PmBs before and after short term 
ageing (RTFOT) and are shown in Table 2-5. 
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 As Produced After RTFOT 
50/70 
Venenzuelan 
+ 2.5% 
Kraton 1101 
  
50/70 
Venenzuelan 
+ 5.0 % 
Kraton 1101 
  
50/70 
Venenzuelan 
+ 7.5% 
Kraton 1101 
  
50/70 
Middle 
Eastern + 5.0 
% Kraton 
1101 
  
10 μm 10 μm 
10 μm 10 μm 
10 μm 10 μm 
10 μm 10 μm 
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50/70 
Russian + 5.0 
% Kraton 
1101 
  
Table 2-5 : Micrographs of PmBs before and after RTFOT ageing 
At 2.5% SBS in the Venezuelan bitumen the polymer forms discrete dispersed 
domains with a continuous bitumen phase.  As the polymer content is increased to 
5.0% SBS the polymer domains becomes almost continuous, with a limited number 
of isolated polymer rich areas.  This correlates well with Figure 2-4 which suggested 
from SP measurements that above 4% the polymer would become the dominant 
within the PmB structure.  At the highest polymer concentration of 7.5% SBS a 
continuous polymer network has now formed.  Similar patterns are observed after 
short term ageing, although the structure is less well defined suggesting an element 
of separation of the polymer from the bitumen.  After RTFOT the 5.0% SBS has far 
less structure than before RTFOT, whereas at 7.5% the continuous structure remains 
after RTFOT.  This suggests that to maintain a continuous polymer network in an 
asphalt once it has been mixed and paved a higher polymer concentration is required 
than would be predicted by analysing only binders prior to RTFOT. 
In the 5.0% SBS modified Middle Eastern bitumen large discrete polymer domains 
are observed, with high contrast between these and the background bitumen.  This 
suggests relatively poor compatibility between the Middle Eastern bitumen and SBS.  
The Russian bitumen displays a different behaviour with a continuous polymer phase 
both before and after RTFOT, indicating improved polymer / bitumen compatibility.  
These observations are in agreement with the compatibility ranking found by classical 
and FTIR techniques in sections 2.5.1 and 2.5.2 respectively. 
10 μm 10 μm 
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2.6.2 UV fluorescence assessment of storage stability 
During the assessment of storage stability in 2.5.1 slides were also produced for 
UV microscopy, and these are shown in Table 2-6. 
 Top Section Bottom Section 
50/70 
Venenzuela
n + 2.5% 
Kraton 
1101 
  
50/70 
Venenzuela
n + 5.0 % 
Kraton 
1101 
  
50/70 
Venenzuela
n + 7.5% 
Kraton 
1101 
  
10 μm 10 μm 
10 μm 10 μm 
10 μm 10 μm 
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50/70 
Middle 
Eastern + 
5.0 % 
Kraton 
1101 
  
50/70 
Russian + 
5.0 % 
Kraton 
1101 
  
Table 2-6 : Micrographs of top and bottom sections of storage stability tubes 
Due to the instability in the PmBs the majority of the samples show no structure 
at all in the top section which was shown by FTIR to be far in excess of 10% SBS.  As a 
result of its overall lower polymer content the 50/70 Venezuelan with 2.5% SBS does 
show the structure of a continuous polymer network which is similar to that of the 
original sample of 50/70 Venezuelan with 7.5% SBS.  This is also in agreement with 
the findings of the FTIR analysis. 
However, as a result of the high level of instability in all these binders there is no 
more useful information that can be gained from UV analysis of the storage stability 
samples, and therefore this technique is better suited to the study of polymer 
dispersion in the original and short term aged binders. 
2.7 Rheological characterisation 
Rheology is the defined as the study of the flow behaviour of all types of matter, 
although in practice is it usually restricted to materials with properties intermediate 
to those of liquids and solids.  Whilst material flow behaviour studies have been 
10 μm 10 μm 
10 μm 10 μm 
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undertaken for many centuries it was Bingham and Reiner who first coined the term 
rheology as part the formation of The Society of Rheology in 1929 with Heraclitus’ 
quote “τα παντα ρει“ or “everything flows” taken as the subject’s motto. 
Figure 2-13 considers the deformation behaviour of a cuboid of ideal material 
with a fixed base and a force applied to its top plane.  If the material is purely elastic 
then it will deform according to Hooke’s law of elastic deformation to a new position 
by a fixed displacement.  Conversely for a viscous liquid then when the force is 
applied it will continue to deform at a constant velocity. 
 
Figure 2-13 : Schematic of deformation behaviour of elastic and solid materials 
In a dynamic mechanical test material behaviour may be determined by applying 
a sinusoidal varying stress, σ, to the specimen at a fixed amplitude and frequency.  
The resultant deformation, or shear strain γ, will also vary sinusoidally but lags behind 
the applied stress by the phase angle δ as shown in Figure 2-14. 
. 
Viscous Liquid 
Force 
Constant 
velocity 
Elastic solid 
Force 
Fixed 
displacement 
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Figure 2-14 : Typical shear and stress waveforms in dynamic oscillatory test 
For a perfectly elastic solid the phase angle would be equal to zero, whereas for 
a purely viscous liquid the phase angle would be 90°.  Viscoelastic materials, such as 
bitumen and asphalt, exhibit phase angles between 0° and 90° with the value 
depending on the frequency, applied stress and temperature of the test. 
For a test with strain amplitude γ0 and stress amplitude σ0 the sinusoidally varying 
strains and stresses are 
γ = γ0 sin (ωt)       Equation 2-3 
σ = σ0 sin (ωt+ δ)      Equation 2-4 
where ω is the angular frequency in radians/second, and t is the time. 
2.7.1 The Dynamic Shear Rheometer 
Any device which measures flow is known as a rheometer.  A Dynamic Shear 
Rheometer (DSR) applies a dynamic shear stress to the specimen to be analysed and 
records the resultant displacement.  A modern DSR is a general purpose piece of 
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laboratory equipment which is routinely used to analyse a wide range of materials 
including foodstuffs, cosmetics, coatings, adhesives, and construction materials.  It is 
a very versatile piece of equipment which may operate over a broad temperature 
range, typically -40°C to 150°C, and execute a wide range of test modes including 
simple viscometry, oscillation, creep, recovery, and stress relaxation.  The Strategic 
Highways Research Program (SHRP) in the 1990’s introduced the widespread use of 
DSRs to the analysis of bituminous binders.  Whilst a DSR can accommodate many 
different test geometries the common practice for bitumen analysis is to use a 
parallel plate arrangement.  As shown schematically in Figure 2-15, the specimen 
under test of radius r and height h is held between the two parallel plates.  The 
bottom plate is fixed whilst the top plate is oscillated by applying a torque M.  Within 
the rheometer the angular displacement, θ, is then recorded by an optical encoder 
system. 
 
Figure 2-15 : Schematic representation of DSR specimens (left) and actual sample 
(right) under test 
In an oscillatory test the complex shear modulus G*, storage modulus G′ and loss 
modulus G′′ may then be determined as 
Fixed lower 
plate 
Specimen 
under test 
Oscillating 
upper 
plate 
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|G*| = σ0 / γ0       Equation 2-5 
G′=|G*| cos δ       Equation 2-6 
G′′=|G*| sin δ       Equation 2-7 
The two other commonly performed tests are creep and relaxation.  In a creep 
test a fixed stress is applied to the specimen and the strain recorded over time to 
determine the creep compliance J(t) as 
J(t) = γ(t) / σ0       Equation 2-8 
In a relaxation test an instantaneous strain is applied to the specimen and the 
stress recorded over time to determine the stress relaxation D(t) as 
D(t) = σ(t) / γ0       Equation 2-9 
In the two decades since the initial implementation of the SHRP 
recommendations and widespread introduction of DSRs there has been a significant 
enhancement in rheometer performance.  The specification of the TA 2000-ex used 
in this research is compared to a typical bitumen rheometer in use in the 1990s in 
Table 2-7 where the improvements in torque range and displacement resolution are 
particularly notable.  Further improvements in frequency ranges and angular 
displacement resolution continue to be made by the rheometer manufacturers, but 
for increases in maximum torque a Dynamic Mechanical Analysis (DMA) instrument 
is required which is considerably costlier than a DSR and more readily suited to the 
analysis of solid samples. 
 Typical post SHRP 
rheometer 
TA 2000-ex 
Torque Range 10 μNm – 10 mNm 0.1 μNm – 200 mNm 
Frequency Range 1 x 10-5 to 100Hz 1.2 x 10-7 to 100 Hz 
Angular Displacement 
Resolution 
1 μ rad 40 n rad 
Normal Force Range n/a 0.005 to 50N 
Table 2-7 : Typical post SHRP and AR 2000ex Rheometer Specifications 
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2.7.2 Oscillatory frequency sweeps 
To characterise the binders oscillatory frequency sweep tests were performed 
from 0.1Hz to 10Hz at a strain level of 1% to ensure the bitumen remained within the 
linear viscoelastic range.  The temperature was varied from 5°C to 80°C to capture 
the full behaviour of the binder in service.  Over this temperature range the complex 
modulus varies from 10 Pa to over 108 Pa.  Even for a modern DSR this wide range 
cannot be accurately captured using only one test geometry.  To overcome this data 
is typically produced using a 25mm plate at high temperatures, and an 8mm plate at 
intermediate to low temperatures with a cross-over occurring at complex modulus of 
approximately 100,000 Pa.  In practice, rather than relying on a fixed modulus to 
change plate geometries extra data with each plate diameter is generated and the 
datasets compared to find cross-over point.  A plot of this data as complex modulus 
versus phase angle is commonly known as a ‘black diagram’ as shown in Figure 2-16 
for the 50/70 Venezuelan binder with increasing SBS content. 
 
Figure 2-16: Rheological black diagrams of the unmodified and modified Venezuelan 
50/70 binders 
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As can be seen the increasing SBS content leads primarily to a shift in the phase 
angle of the binder towards more elastic behaviour over a wider range of test 
temperatures. 
2.7.3 Mastercurve generation 
Whilst black diagrams offer a quick overview of a binders performance it is more 
meaningful to plot G* against frequency at a fixed temperature.  However, as 
discussed earlier, there is an upper mechanical limit of 100Hz that the DSR can 
achieve whereas at very low frequencies, whilst testing is physically possible, each 
complete data point would take hours or even days to generate rendering this 
approach impractical. 
As bitumen is a thermorheologically simple material its response to time and 
temperature are directly related.  For instance, bitumen’s response to loading at high 
temperature and short duration is equivalent to the response at a low temperature 
and long duration.  It is therefore possible to employ the Time Temperature 
Superposition (TTS) principle to produce a so-called mastercurve of all the data at a 
specified temperature.  
To create a mastercurve the complex modulus from the frequency sweep testing 
at each temperature is plotted as a function of frequency on a log-log chart.  A 
reference temperature for the mastercurve is chosen and the data for this frequency 
sweep fixed.  The frequency sweep data for the other temperatures is then shifted 
horizontally until a single smooth curve is created for all the data points.  The amount 
of horizontal shift necessary for each curve is known as the time-temperature shift 
factor a(T).  This shifting process may be performed manually by eye, by spreadsheet 
optimisation calculations, or more conveniently automatically using the software 
suppled with the rheometer. 
Once the a(T) have been determined and the mastercurve created it is also 
possible to generate mastercurves at other temperatures.  Typically the Williams-
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Landel-Ferry (WLF) Equation 2-10 is used to determine the shift factors (Williams, 
Landel and Ferry 1955) for temperature ranges away from the glass transition 
temperature of the material.  
𝑳𝒐𝒈 𝒂(𝑻) =
−𝑪𝒂(𝑻−𝑻𝟎)
𝑪𝒃+(𝑻−𝑻𝟎)
      Equation 2-10 
Where Ca is a dimensionless constant, Cb is a constant with units of Kelvin, T is the 
measurement temperature in Kelvin, and T0 is the reference temperature in Kelvin. 
As the glass transition of bitumen is typically of the order of minus 30°C, and 
bitumen only becomes a Newtonian fluid at very high temperatures, this WLF 
approach is appropriate for the generation of bitumen mastercurves. 
Mastercurves of all the binders produced were generated at a reference 
temperature of 20°C as this was the temperature where the majority of the future 
asphalt testing was to take place.  Figure 2-17 and Figure 2-18 show the effect of 
crude source of the bitumen behaviour.  The 30/45V is stiffer across the full frequency 
range than any of the 50/70 bitumens tested which is as expected for the harder 
grade.  The 50/70 Venezuelan, Middle Eastern, and Russian demonstrate broadly 
similar complex moduli.  However, the phase angle of the 50/70 Venezuelan bitumen 
is noticeably higher than the other bitumens indicating a more viscous character. 
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Figure 2-17 : Complex Modulus mastercurve at 20°C comparing unmodified binders 
 
Figure 2-18 : Phase Angle mastercurve at 20°C comparing unmodified binders 
Figure 2-19 and Figure 2-20 show the effect of increasing polymer modification 
levels.  At low frequencies, corresponding to high temperatures, the complex 
modulus is increased by over an order of magnitude.  Also, the phase angle is 
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significantly reduced, indicating a binder with more elastic characteristics.  It is for 
these reasons that polymer modification is often used to mitigate rutting in 
pavements.  At high frequencies the effects are less pronounced, but the PmBs can 
be seen to have a lower modulus and reduced phase angle than the base bitumen. 
 
Figure 2-19 : Complex Modulus mastercurve at 20°C comparing polymer concentration 
levels 
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Figure 2-20 : Phase Angle mastercurve at 20°C comparing polymer concentration levels 
Figure 2-21 and Figure 2-22 compare the effect of PmB base bitumen origin.  The 
modified Russian bitumen has the highest modulus at low frequencies, so should 
have the best high temperature performance in service.  The phase angles for all 
three PmBs are all similar with a good compromise between elastic and viscous 
performance across the full range of frequencies.  This indicates that at high 
temperatures / low frequencies the binders will be able to resist rutting, and at low 
temperatures / high frequencies they will not become brittle and susceptible to 
cracking. 
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Figure 2-21 : Complex Modulus mastercurve at 20°C comparing bitumen origin effect 
on polymer modified binders 
 
Figure 2-22 : Phase angle mastercurve at 20°C comparing bitumen origin effect on 
polymer modified binders 
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2.7.4 Effect of short term ageing (RTFOT) 
The same frequency sweep tests were performed on the binders after short term 
ageing.  Figure 2-23 and Figure 2-24 demonstrate that for a typical penetration grade 
bitumen the ageing leads to an increase in modulus across all frequencies.  Similarly 
there is a drop in phase angle at low to intermediate temperatures, with purely 
viscous behaviour only occurring at very low frequencies corresponding to 
temperatures well above the binder’s SP. 
 
Figure 2-23 : Complex Modulus mastercurve at 20°C comparing 50/70V before and after 
RTFOT 
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Figure 2-24 : Phase angle mastercurve at 20°C comparing 50/70V before and after 
RTFOT 
In Figure 2-25 and Figure 2-26 the same effects are demonstrated in a PmB.  
Compared to the previous unmodified binder there is less change in either modulus 
or phase angle indicating an improved performance of the binder in its resistance to 
short term ageing.  However, at low frequencies after RTFOT the binder has a higher 
phase angle than before RTFOT.  This is in line with the empirical testing in Table 2-1 
which showed a drop in softening point for this binder, and in Table 2-5 which showed 
a breakdown in the polymer matrix after RTFOT. 
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Figure 2-25 : Complex Modulus mastercurve at 20°C comparing 50/70V + 5% 1101 
before and after RTFOT 
 
Figure 2-26 : Phase angle mastercurve at 20°C comparing 50/70V + 5% 1101 before and 
after RTFOT 
 43 
 
The standard empirical measurement of the effect of short term ageing is the 
change in penetration, SP, and mass after RTFOT as reported previously in Table 2-3.  
A qualitative graphical interpretation of rheological data as carried out above offers 
many insights to the binder’s behaviour. However, a more analytical assessment can 
be made by measuring the change in rheological properties after RTFOT to define a 
binder ageing index at any desired test temperature or frequency as in Equation 2-
11. 
𝑨𝒈𝒆𝒊𝒏𝒈 𝑰𝒏𝒅𝒆𝒙 =  
𝑪𝒐𝒎𝒑𝒍𝒆𝒙 𝑴𝒐𝒅𝒖𝒍𝒖𝒔 𝒃𝒆𝒇𝒐𝒓𝒆 𝒂𝒈𝒆𝒊𝒏𝒈
𝑪𝒐𝒎𝒑𝒍𝒆𝒙 𝑴𝒐𝒅𝒖𝒍𝒖𝒔 𝒂𝒇𝒕𝒆𝒓 𝑹𝑻𝑭𝑶𝑻 𝒂𝒈𝒆𝒊𝒏𝒈
  
Equation 2-11 
In this study the conditions chosen were 5°C and 10Hz, as the condition with the 
highest modulus and most elastic response, 25°C and 0.4Hz, as a typical in service 
condition, and 60°C and 0.1Hz as a high temperature condition, and the calculated 
results shown in Figure 2-27. 
 
Figure 2-27 : Ageing Indices of the binders 
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The ageing index at 5°C is broadly similar for most of the binders.  The exception 
is the 50/70V with 7.5% polymer which shows a comparatively high degree of ageing, 
which could be due to the highly unstable nature of this binder.  For the unmodified 
binders the ageing index ranking is in the same order as the increase in SP in Table 
2-1, with the 50/70 Venezuelan showing the least ageing, and the 50/70 Russian the 
most.  For all three crude origins polymer modification leads to a lower ageing index, 
indicating an improved resistance to ageing. 
2.7.5 Correlation of DSR results to empirical properties 
Gershkoff (1995) produced a relationship as shown in Equation 2-12 between the 
DSR complex modulus at 25°C and 0.4Hz and the penetration of unmodified binders. 
Log G*(25°C, 0.4Hz) = 8.8 – 1.95 log (Penetration 25°C, 5s, 100g) 
         Equation 2-12 
The empirical and rheological results produced in this study were fitted to this 
equation as shown in Figure 2-28. 
 
Figure 2-28 : Predicted Penetration using the Gershkoff relationship 
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As can be seen the Gershkoff relationship consistently underestimates the Pen of 
the binders in this study.  Therefore, the results from this research were used to 
generate a new relationship between G* and the penetration of all the binders 
studied both before and after RTFOT, shown graphically in Figure 2-29. 
 
Figure 2-29 : Relationship between G* and Penetration for all binders 
A new model is therefore proposed in Equation 2-13 which is similar to 
Gershkoff’s but has an improved fit to the data in this study.  It must however be 
noted that this was produced using a relatively small number of data points and over 
a relatively limited range of Pen, so further refinement will be required as more data 
is gathered. 
Log G*(25°C, 0.4Hz) = 8.82 – 1.88log(Penetration 25°C, 5s, 100g)  
Equation 2-13 
2.8 Concluding Remarks 
This chapter summarised the production and analysis of polymer modified 
bitumens for use in later chapter’s asphalt studies.  Their empirical and fundamental 
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properties were explored with the rheological properties of the binders studied and 
the effect of polymer modification demonstrated.  The impact of bitumen crude 
source on the microscopic polymer morphology was explored with clear differences 
in bitumen/polymer compatibility observed.  
Attenuated Total Reflection Fourier Transform Infrared spectroscopy with a 
diamond cell was used to quantitatively measure the polymer content of SBS 
modified bitumen.  Furthermore, a more rapid quantitative spectroscopic method for 
the determination of storage stability as an alternative to the traditional empirical 
softening point measurement was developed. 
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3 ANALYSIS OF SMALL ASPHALT SPECIMENS‡ 
3.1 INTRODUCTION 
Bitumen and asphalt are viscoelastic materials, in contrast to other elastic 
construction materials such as steel or concrete, and require relatively complex 
testing protocols to accurately determine their fundamental properties. 
For asphalt, the majority of routinely performed tests have been standardised as 
either ISO, ASTM or EN methods and require highly specialised test equipment with 
considerable quantities of material necessary to produce specimens for analysis.  
Furthermore, for methods requiring shaped specimens which cannot be produced 
directly the specimens must be sawn to the correct dimension which is both wasteful 
of material and demands significant experience to achieve consistently. 
In this chapter a method was developed using a standard DSR and small asphalt 
specimens to evaluate their viscoelastic properties, hence significantly reducing 
additional equipment costs and material consumption.  The complex modulus and 
phase angle results of the small specimens tested in torsion were compared to a more 
traditionally sized specimen tested in compression. 
                                                     
‡ This chapter includes results originally published in Lancaster I.M., and H. Al-
Khalid, (2013) “Viscoelastic characterisation of asphalt using small specimen sizes” 
Proceedings of the 5th European Asphalt Technology Association Conference, 
Braunschweig, Germany, Paper no. 36, and Lancaster I.M., and H. Al-Khalid, (2013) 
“Inter-conversion between oscillatory and quasi-static loading to evaluate asphalt 
behavior in the Dynamic Shear Rheometer”  Proceedings of the 2nd  Meeting and 
Technical Conference of the Middle East Society of Asphalt Technologists, American 
University of Sharjah, United Arab Emirates, Paper no. 30, reproduced by permission. 
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3.2 Materials and Mix Design 
To produce the asphalt for this research two sources of aggregate were obtained, 
both from LafargeTarmac UK.  These were greywacke gritstone from Bayston Hill, 
Shrewsbury, and limestone from Pant, North Wales, shown in Figure 3-1.  The specific 
gravities were determined as 2690 kg/m3 and 2640 kg/m3 for the Bayston Hill and 
Pant aggregates respectively. 
 
Figure 3-1 : Bayston Hill (left) and Pant (right) aggregates during determination of their 
specific gravity. 
The Bayston Hill aggregate is an acidic high Polished Stone Value (PSV) material 
used in surface courses demanding high skid resistance such as Hot Rolled Asphalt 
(HRA) and Stone Mastic Asphalt (SMA).  The aggregate from Pant quarry is more 
usually used in binder and base course materials and is basic in nature. 
Each of the two aggregate sources were used to design an AC10 close surface 
course recipe based mixture by following the guidance in PD6691 (BSI 2007).  The 
grading curves of the two aggregate skeletons are shown in Figure 3-2, with a binder 
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content of 5.2% w/w for both mixtures.  Each of the nine binders described in chapter 
2 were then used to produce a total of eighteen asphalt mixtures for testing.  Each 
mixture was coded using a three-letter code where the first letter indicated the 
aggregate source A = limestone, B = gritstone, the second letter the crude origin, V = 
Venezuelan bitumen, M = Middle Eastern, R = Russian, and the final letter indicating 
the level of SBS polymer with 0, L, M, H equated to 0, 2.5, 5.0, and 7.5% w/w of 
polymer.  For the 30/45 bitumen a final letter of 3 was used. 
 
Figure 3-2 : “AC10 Close surface course” grading curves 
3.3 Fine Aggregate Matrix Mixtures 
Within asphalt the mastic portion is usually defined as a mixture of bitumen and 
filler passing the 63micron sieve and may be analysed on the DSR using the same 
standard geometries as bitumen.  An intermediary scale material between mastics 
and asphalt are materials referred to as Fine Aggregate Matrix (FAM) composed of 
binder, filler, and small aggregates taken from the full scale asphalt.  Researchers 
demonstrated (Kim, Little and Lytton 2002, Kim, Lee and Little 2006) how the DSR 
could also be used to apply cyclic torsional shear loads to specially designed 
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specimens 12mm diameter by 50mm high under both controlled stress and strain 
modes as shown schematically in Figure 3-3.  
 
Figure 3-3 : Schematic comparison of bitumen and FAM/asphalt samples mounted on 
a DSR 
However, for the study of FAM specimens to be of most value in pavement design 
it is crucial that the FAM mixture is designed to be representative of the equivalent 
full asphalt mixture.  Kim used sand passing the 2.36mm sieve and a fixed binder 
content of 8% by mass to produce his specimens. Zollinger (2005) developed an 
alternative procedure for manufacturing FAMs utilising a fixed binder to filler ratio 
mixture that was mixed with aggregate passing the 1.18mm sieve (#16 in US 
terminology) from the full mixture aggregate grading.  This was compacted to a void 
content of 11%, and cores drilled for further testing.  Although these materials were 
successfully tested in torsional fatigue mode (Branco et al. 2008, Masad et al. 2008b), 
it was recognised that there were deficiencies in the design of the FAM.  In particular, 
by using a fixed binder content for all mixtures, the effects of aggregate density, 
shape and overall grading were not taken into account.  A new methodology was 
developed where a batch of the full asphalt mixture was produced at target binder 
content, and the loose asphalt mixture passed through a 1.18mm sieve.  The material 
Fixed lower plate 
Specimen 
under test 
Oscillating 
upper plate 
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passing the 1.18mm sieve was collected and the binder content determined using an 
ignition oven.  FAM specimens were then produced using the binder content as 
determined by ignition. 
Both these studies used the 1.18mm sieve as the cut-off point for fine aggregate 
as this is the convention followed in the US.  However, the standards in Europe for 
aggregates, EN 13043 (BSI 2002), are different where fine aggregate is defined as 
aggregate with sizes D less than or equal to 2 mm and containing particles which 
mostly are retained on a 0.063 mm sieve. 
To more closely align with European practises in this research a FAM was 
designed from bitumen and aggregate passing the 2mm sieve.  The initial concept for 
determining the binder content of the FAM was to calculate the binder to filler ratio 
in the full asphalt mixture, and then produce a FAM with the same binder to filler 
ratio as shown in Table 3-1. 
  
% 
Mass 
% 
Volume 
Full 
mixture > 63 μm 90.2 83.2 
 Filler 4.6 4.2 
 Bitumen 5.2 12.6 
FAM 2 mm - 63 μm 71.0 56.7 
 Filler 13.5 10.8 
 Bitumen 15.5 32.5 
Table 3-1 : Mixture composition with a binder to filler ratio by volume of 3.0 
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A trial laboratory FAM mix was produced and it was visually apparent that there 
was a large excess of binder in the mixture.  An attempt was made to compact the 
mixture using the gyratory compactor, but with no success. 
An alternative method for calculating the required binder content was therefore 
sought.  A number of approaches are available for surface area calculation, each with 
the target of determining mixture’s binder film thickness.  One approach is based on 
surface area factors determined by Hveem (ASTM D1560-92).  An alternative 
calculation is the “binder richness modulus” found in BS 594987 (BSI 2007) which was 
developed in France, and is now gaining wider usage as part of the design process for 
Enrobé à Module Élevé (EME).  Equation 3-1 was used to calculate the binder richness 
modulus. 
𝑩𝑷𝑷𝑪 = 𝑲𝜶(𝚺)
𝟏/𝟓       Equation 3-1 
Where BPPC = Binder content in parts per hundred, K = Binder richness modulus, 
α = Specific gravity correction factor, and Σ = Aggregate specific surface area factor 
 
A spreadsheet solver function was then used to calculate the required binder 
content for the FAM with the same binder richness factor, K = 3.45, as the full 
mixture, as reported in Table 3-2. 
Mixture  (m2/kg) K BPPC % 
Limestone full mixture 9.95 3.45 5.49 
Limestone FAM 30.21 3.45 6.84 
Table 3-2 : Binder contents of the full asphalt mixtures and their corresponding FAM 
This method produced specimens which could be compacted by gyratory 
compactor and cored as shown in Figure 3-4. 
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Figure 3-4 : Cut surface of limestone FAM 100mm diameter gyratory core produced 
using equivalent binder richness modulus, and specimen core for DSR analysis 
However, the concern remained that the FAM did not accurately represent that 
found in the full asphalt mix.  As a consequence, directly correlating the results of 
FAM analysis with those of a complete asphalt mixture may not be possible which 
would limit its relevance in fundamental pavement design work.  It was therefore 
decided to attempt to produce and analyse full asphalt mixtures using the DSR 
technique. 
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3.4 Uniaxial analysis of traditional asphalt specimens 
Prior to attempting to utilise the DSR to analyse full asphalt mixtures a more 
traditional test method was necessary to obtain reference results. Many different 
test geometries have been used for determining asphalt stiffness modulus, but the 
closest traditional form to DSR specimens was considered to be tall cylindrical 
specimens.  EN12697-26 (BSI 2004) includes guidance for the preparation of 
specimens for uniaxial testing which states that the specimen must have a diameter 
between 50 and 160mm, and greater than or equal to four times the nominal 
maximum aggregate size of the mixture. Furthermore, the height of the specimen 
should be between 1.8 and 3.0 times its diameter. To achieve this, 300mm square by 
100mm deep asphalt slabs of asphalt types AV0, AVM, BV0 and BVM were 
manufactured by laboratory roller compactor to a target void content of 5% as shown 
in Figure 3-5. 
 
Figure 3-5 : Asphalt slab compaction 
 55 
 
After demoulding, the slab was cut in half by diamond sawing, and then cored to 
produce 63mm diameter cylindrical specimens.  The ends of the specimens were then 
trimmed to remove edge effects to a height of 126mm, as shown in Figure 3-6. 
 
Figure 3-6 : Cylindrical specimen preparation cored from large slabs 
To analyse the specimens a pneumatically driven universal testing machine was 
employed housed within a temperature controlled cabinet.  To ensure homogenous 
temperature distribution within the specimens they were conditioned to 20°C for a 
minimum of four hours prior to testing. Vertical deformation was recorded by 
mounting reference points 100mm apart on diametrically opposite sides of the 
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specimen using epoxy resin which was allowed to cure for a minimum of 4 hours 
before progressing.  Once the epoxy had hardened targets were attached to the 
bottom reference points and linear variable differential transformers held at the top 
reference points as shown in  Figure 3-7. 
 
Figure 3-7 : Uniaxial specimen testing arrangement 
As recommended by previous researchers (Witzcak et al. 2000, Kim, Little and 
Lytton 2002) the applied load was chosen so that the specimen remained within the 
linear viscoelastic range, and hence ensuring no material damage occurred.  An initial 
holding load of 0.02kN was used with sinusoidally varying loads of 500N applied to 
the specimen.  In comparison to the frequencies available during DSR testing a more 
limited range of test frequencies could be achieved with this setup ranging from 
0.1Hz to 10Hz with 60 loading cycles applied at frequencies below 1Hz, and 120 
loading cycles applied at 1Hz and higher.  The actuator position, applied load, and 
vertical specimen deformation were recorded during testing by a PC using the 
software attached to the equipment.  Every 10th cycle the complete waveform data 
was also captured with 100 data points per cycle. 
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The axial loading stress, σa, was calculated using 
𝝈𝒂 =
𝑷
𝑨
        Equation 3-2 
where P is the applied loading force, and A is the specimen cross sectional area. 
The recoverable axial strain, εa, was calculated using 
𝜺𝒂 =
𝚫
𝑳
        Equation 3-3 
where Δ is the deformation amplitude, and L is the gauge length between the 
reference points, which for these experiments was 100mm. 
The complex modulus, E*(ω), at frequency ω was then determined as 
𝑬∗(𝝎) =
𝝈𝒂
𝜺𝒂
        Equation 3-4 
The phase angle, δE*, was also determined as the phase lag between the peak 
applied loading and the measured peak strain. To ensure stable results were obtained 
the values of E* and δE* were recorded as the mean result of last 30 cycles at each 
frequency. 
3.5 Small asphalt specimen size testing 
To produce specimens for DSR testing small cores 50mm high and 14mm in 
diameter were diamond core drilled from full asphalt mixtures.  To enable the most 
direct comparison to the results of the uniaxial specimen testing the small cores were 
taken from between the locations in the large asphalt slabs where the uniaxial 
specimens had been drilled, as shown in Figure 3-8.  Prior to coring the bulk asphalt 
was trimmed to 50mm thickness to avoid additional later cutting of the small 
specimens. 
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Figure 3-8 :  Small specimen core taken from bulk material 
The small cores were bonded to mounting stubs using cyanoacrylate adhesive 
and bespoke specimen mounts manufactured to fit the DSR as shown in Figure 3-9 
with the small diameter cores mounted on the DSR as shown in Figure 3-10. The DSR 
was located in a temperature controlled room at 20°C to ensure that the specimens 
and equipment were all at thermal equilibrium prior to and during testing, with the 
DSR’s Peltier plate and upper heated plate also temperature controlled to 20°C to 
further ensure accurate temperature control. 
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Figure 3-9 :  Bespoke DSR mounts 
 
Figure 3-10 :  Small diameter core mounted on the DSR 
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Frequency sweeps were performed from 0.001Hz to 100Hz with 3 points per 
decade at a strain of 0.001% to ensure the asphalt remained in the linear viscoelastic 
range. The complex shear modulus, G*(ω), and phase angle, δG*, were then 
determined from Equations 2-3, 2-4, and 2-5 in the same manner as for bitumen in 
Chapter 2. 
3.6 Small specimen frequency sweep results 
For each asphalt mixture the average results of the oscillatory testing of three 
specimen tests are shown in Figure 3-11 and Figure 3-12 below. 
 
Figure 3-11 : Complex modulus versus frequency for small sample testing at 20°C 
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Figure 3-12 : Phase angle versus frequency for small sample testing at 20°C 
As expected for asphalt there is an increase in complex modulus and decrease in 
phase angle at higher frequencies.  Polymer modification of the asphalt produces an 
increase in the complex modulus at all frequencies, and a decrease in the phase 
angle.  This indicates that the polymer modified asphalts will exhibit a higher load 
bearing capacity due to the increase complex modulus, and also reduced 
wheeltracking deformation through the combination of improved elastic response 
and increased complex modulus.  These tests demonstrate that the small specimen 
testing on the DSR has the capability to determine the asphalt’s fundamental 
performance behaviour, and is capable of differentiating between modified and 
unmodified binders. 
3.7 Comparison of test methods 
Whilst the general behaviour of the small specimen testing was as expected, to 
determine the absolute accuracy of the results a comparison to results from the 
uniaxial testing was made. 
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Figure 3-13 : Comparison of phase angle results for asphalt AV0 at 20°C 
 
Figure 3-14 : Comparison of phase angle results for asphalt AVM at 20°C 
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Figure 3-15 : Comparison of phase angle results for asphalt BV0 at 20°C 
 
Figure 3-16 : Comparison of phase angle results for asphalt BVM at 20°C 
The phase angle results, shown in Figure 3-13, Figure 3-14, Figure 3-15 and Figure 
3-16 demonstrate a reasonably good agreement between δG* and δE*.  However, as 
found by Di Benedetto et al. (2011) there is some small variation between δG* and 
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δE*.  When the relatively large nominal maximum aggregate size of the small 
specimens is considered the degree of agreement is remarkable.  This suggests that 
the majority of the asphalt’s viscoelastic properties are a direct consequence of the 
mastic and fine aggregate behaviour as, even though the overall specimen diameter 
is small, these fine components are still functioning in the same manner as usual in a 
full sized asphalt.  This further highlights the importance of FAM design as discussed 
earlier if FAM studies are to be representative of full asphalt mixture performance. 
The complex modulus results are shown in Figure 3-17, Figure 3-18, Figure 3-19 
and Figure 3-20.  Again, for both G* and E*, the expected increase in complex 
modulus with increasing frequency was obtained, with analogous increases in G* and 
E* for both testing protocols. 
 
Figure 3-17 : Comparison of complex modulus results for asphalt AV0 at 20°C 
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Figure 3-18 : Comparison of complex modulus results for asphalt AVM at 20°C 
 
Figure 3-19 : Comparison of complex modulus results for asphalt BV0 at 20°C 
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Figure 3-20 : Comparison of complex modulus results for asphalt BVM at 20°C 
The complex Poisson’s ratio, ν*, relates the complex modulus from small 
specimen testing, G*(ω), to the complex shear modulus from uniaxial testing, E*(ω), 
as 
𝝂∗ =
𝑬∗(𝝎)
𝟐𝑮∗(𝝎)
− 𝟏       Equation 3-5. 
For asphalt at 20°C Poisson’s ratio is usually assumed to be 0.3 or 0.35.  However, 
Sousa and Monismith (1987) showed that asphalt’s Poisson’s ratio is both 
temperature and frequency dependent. 
Figure 3-21 shows the calculated Poisson’s ratio for asphalt BV0 calculated using 
Equation 3-5.  The linear elastic limiting value for Possion’s ratio is 0.5, and as can be 
seen the calculated values are far higher than this, although Equation 3-5 is only valid 
for isotropic materials.  Previous researchers (Underwood et al. 2005, Zhang, Luo and 
Lytton 2012) have demonstrated that asphalt is anisotropic and that it may have 
values of ν* greater than 0.5 (Clec’h, Sauzeat and Di Benedetto 2010). 
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Figure 3-21 : Calculated Poisson’s ratio for asphalt BV0 at 20°C 
3.8 PVC beam comparison 
As a verification of the DSR and uniaxial equipment a test was performed on a 
sample of PolyVinyl Chloride (PVC) which, due to its similar modulus to asphalt, is 
regularly used as a surrogate calibration material.  The results obtained are shown in 
Figure 3-22 and Figure 3-23 below. 
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Figure 3-22 : Reference PVC material complex modulus results 
 
Figure 3-23 : Reference PVC material phase angle results 
Unlike asphalt PVC exhibits a consistent modulus with frequency, and this is 
observed with both small and large specimen tests.  Also, as expected for a purely 
elastic material, the phase angle was measured as close to zero at all frequencies.  It 
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should be noted that to simplify the phase angle figure negative phase angles are 
reported, whereas in fact a phase angle of -1° corresponds to a measured phase angle 
of 359°. 
3.9 Rheological Models 
3.9.1 Standard spring and dashpot models 
Viscoelastic materials have traditionally been modelled using springs and 
dashpots combined in series and/or parallel (Malkin and Isayev 2012).  The simplest 
viscoelastic element, referred as a Maxwell element, is a single spring and dashpot in 
series.  This element has a characteristic relaxation time, λ, which is the ratio of the 
dashpot viscosity and the spring stiffness.  Simple materials may be characterised 
with a single Maxwell element, but to accurately model the viscoelastic behaviour of 
bitumen and asphalt a large number of elements are necessary to produce a 
generalised Maxwell model (Wiechert 1893) as shown in Figure 3-24. 
 
Figure 3-24 : Schematic representations of generalised Maxwell and springpot models. 
Generalised Maxwell models of creep compliance and stress relaxation of 
bitumen and asphalt typically require at least 5 Maxwell elements to achieve a good 
model fit, with as many as 10 Maxwell elements sometimes necessary. 
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Mathematically a generalised Maxwell model for creep compliance can be 
formed as shown in Equation 3-6, with the equivalent stress relaxation model shown 
in Equation 3-7. 
𝑱(𝒕) = 𝑱𝟎 + ∑ 𝑱𝒏(𝟏 − 𝒆𝒙𝒑(−𝒕 𝝀𝒏)) + 𝒕 𝜼𝟎⁄⁄
𝑵
𝒏=𝟏    Equation 3-6 
where J0 is the instantaneous compliance, Jn and λn are characteristic compliance 
and timescale elements, η0 is the zero shear viscosity, and the N elements are known 
as the discrete retardation spectrum Ld(λ). 
𝑫(𝒕) = 𝑫𝟎 − ∑ 𝑫𝒎(𝟏 − 𝒆𝒙𝒑(−𝒕 𝝉𝒏))⁄
𝑴
𝒎=𝟏
    
Equation 3-7
 
where D0 is the glassy modulus, Dm and τm are characteristic relaxation modulus 
and timescale elements, and the M elements are known as the discrete relaxation 
spectrum Hd(τ). 
3.9.2 Interconversion of rheological parameters 
To completely characterise the linear viscoelastic behaviour of a material using 
oscillatory, creep and relaxation testing is not always possible or practical.  At low 
frequencies oscillatory testing may be very time consuming.  Creep tests may also 
require long test periods to achieve steady state flow and there is a risk of exceeding 
the linear viscoelastic limits and permanently damaging the material.  Equally, when 
targeting low strains within the linear viscoelastic limits, stress relaxation tests may 
encounter measurement difficulties due to the rheometer’s torque and displacement 
limits. 
It is, however, possible to mathematically convert between the oscillatory, creep 
and stress relaxation tests.  Therefore, by choosing the most appropriate test mode 
for the material and equipment, only one test is required, with oscillatory testing 
most usually employed. 
Equation 3-6 and Equation 3-7 can be more fully generalised using continuous 
functions for the retardation and relaxation spectra L(λ) and H(τ) as 
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𝑱(𝒕) = 𝑱𝟎 + ∫ 𝑳(
∞
−∞
𝝀)(𝟏 − 𝒆𝒙𝒑(−𝒕 𝝀))𝒅𝒍𝒏𝝀 + 𝒕 𝜼𝟎⁄⁄   Equation 3-8 
𝑮(𝒕) = 𝑮𝟎 − ∫ 𝑯(
∞
−∞
𝝉)(𝟏 − 𝒆𝒙𝒑(−𝒕 𝝉))𝒅𝒍𝒏𝝉⁄    Equation 3-9 
The storage and loss compliance and moduli can then be related to the spectra 
and vice-versa (Tschoegl 1989) by  
𝑱′(𝝎) = 𝑱𝟎 + ∫ 𝑳(
∞
−∞
𝝀)
𝟏
𝟏+𝝎𝟐𝝀𝟐
𝒅𝒍𝒏𝝀    Equation 3-10 
𝑱′′(𝝎) = ∫ 𝑳(
∞
−∞
𝝀)
𝝎𝝀
𝟏+𝝎𝟐𝝀𝟐
𝒅𝒍𝒏𝝀 + 𝒕 𝜼𝟎⁄     Equation 3-11 
𝑮′(𝝎) = 𝑫𝟎 − ∫ 𝑯(
∞
−∞
𝝉)
𝟏
𝟏+𝝎𝟐𝝉𝟐
𝒅𝒍𝒏𝝉    Equation 3-12 
𝑮′′(𝝎) = 𝑫𝟎 − ∫ 𝑯(
∞
−∞
𝝉)
𝝎𝝉
𝟏+𝝎𝟐𝝉𝟐
𝒅𝒍𝒏𝝉    Equation 3-13 
Once J’(ω), J’’(ω), G’(ω) and G’’(ω) have been determined from the oscillatory test 
it is therefore possible to calculate L(λ) and H(τ) and hence J(t) and D(t).  With current 
desktop computing power these interconversions can be performed in a matter of 
seconds, and the necessary functions have been included as part of most current 
rheological software (Elster, Honerkamp and Weese 1991). 
3.9.3 Fractional models 
For a classical Hookean spring, the applied stress is directly proportional to the 
resultant strain.  Similarly, the stress for a dashpot is proportional to the first order 
derivative of strain with time.  The term “spring-pot” was introduced by Koeller 
(1984) for a single linear viscoelastic element with intermediate properties between 
those of an elastic spring and a viscous dashpot where the “spring-pot” stress is 
proportional to the fractional derivative of strain with time, i.e. 
𝝈(𝒕) = 𝑲
𝒅𝜶
𝒅𝒕𝜶
𝜸(𝒕)        Equation 3-14 
Where K and alpha are material constants 
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3.9.4 Power Law Creep and Relaxation Model 
Whilst Generalised Maxwell models produce a satisfactory degree of fit the large 
number of coefficients can be practically inconvenient to handle.  Also, the physical 
relevance of the coefficients may be difficult to deduce. 
An alternative model for the linear viscoelastic creep and relaxation behaviour is 
a simpler power law function.  Since the early years of modern rheological study the 
good degree of fit of power laws to many linear viscoelastic materials has been 
accepted (Nutting 1929, Scott-Blair and Gaffyn 1949).  The power law function, 
Equation 3-15, has the powerful practical advantage of only requiring two model 
fitting parameters. 
𝑱(𝒕) = 𝑨𝒕𝜷        Equation 3-15 
where A and β are model parameters. 
3.9.5 Application of Fractional Calculus 
The use of calculus and derivatives of functions to determine rates of change is 
commonly encountered in engineering problems.  However, whilst these solutions 
are usually first or second derivatives of functions it is also possible mathematically 
to consider fractional powers of the differentiation operator.  The origins of this 
branch of mathematics, known as fractional calculus, began in the late 17th century 
but the first generalised equations formed in the 19th century with the most 
commonly encountered being the Riemann-Liouville fractional integral.  This states 
that the fractional integral I of order α of a function f(x) is 
𝑰𝒂
𝜶𝒇(𝒙) =
𝟏
𝚪(𝜶)
∫ (𝒙 − 𝝉)𝜶−𝟏𝒇(𝝉)𝒅𝝉
𝒙
𝒂
    Equation 3-16 
Where Γ is the gamma function 
Fractional calculus has applications across a wide range of engineering problems, 
but in this study was used to transform between creep and relaxation.  From rheology 
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theory if we assume that the material is initially at rest then the stress-strain history 
is given by the Boltzmann superposition integral shown below in the Duhamel form 
is 
𝝈(𝒕) = ∫ 𝑫(𝒕 − 𝝉)
𝒅𝜸(𝝉)
𝒅𝝉
𝒕
𝟎
𝒅𝝉      Equation 3-17 
If we assume a relaxation model of the form 
𝑫(𝒕) =
𝐁𝜷
𝚪(𝟏−𝛃)
𝒕−𝜷        Equation 3-18 
where Bβ and β are model fitting parameters 
Then by substituting Equation 3-18 into Equation 3-17 we find 
𝝈(𝒕) =
𝑩𝜷
𝚪(𝟏−𝜷)
∫ (𝒕 − 𝝉)−𝜷
𝒅𝜸(𝝉)
𝒅𝝉
𝒕
𝟎
𝒅𝝉     Equation 3-19 
which is a form of the Riemann-Liouville fractional integral. 
The Laplace transform of Equation 3-18 is 
𝑫(𝒔) = 𝑩𝜷𝒔
𝜷−𝟏       Equation 3-20 
As shown by Scott-Blair and Gaffyn (1949) the Laplace transforms of creep and 
relaxation are simply related by 
𝑫(𝒔)𝑱(𝒔) = 𝒔−𝟐       Equation 3-21 
And therefore by combining Equation 3-20 and Equation 3-21 
𝑱(𝒔) =
𝟏
𝑩𝜷𝒔𝟏+𝜷
       Equation 3-22 
By taking the inverse Laplace transform of Equation3-22 the creep function is 
derived as 
𝑱(𝒕) =
𝟏
𝑩𝜷𝚪(𝟏+𝜷)
𝒕𝜷       Equation 3-23 
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By substituting𝐴 =
1
𝐵𝛽Γ(1+𝛽)
 in Equation 3-18 Celauro et al. (2009) showed that 
the stress relaxation becomes 
𝑫(𝒕) =
𝒕−𝜷
𝑨𝜷𝚪(𝜷)𝚪(𝟏−𝜷)
      Equation 3-24 
This approach therefore allows the complete linear viscoelastic creep behaviour 
to be modelled using only two parameters A and β, which is simple to achieve using 
readily available curve fitting procedures, and the relaxation modulus also to be 
determined using the same two parameters.  This was applied to the creep and 
relaxation of elastomers by Di Paola, Pirrotta and Velenza (2011) where A and β of 
relaxation experiments was used to successfully predict creep behaviour.  Celauro et 
al. (2009) used the same approach to model the creep and recovery behaviour of 
paving grade bitumens. 
3.10 Small specimen creep and relaxation results 
The fine displacement and strain resolution of currently available DSRs allow 
direct measurements of D(t) and J(t) to be made on the small asphalt specimens.  
Using traditional full sized specimens this is not straightforward as it is limited by 
LVDT resolution when combined with the requirement to work within the 
undamaged linear viscoelastic range. 
To determine D(t) for the small asphalt specimens the applied strain was 0.001% 
with a test duration of 600 seconds.  A practical limitation of stress relaxation testing 
is that the strain cannot be applied instantaneously; therefore the smallest 
realistically achievable strain rise-time of 0.1 seconds was used.  To determine J(t) 
the applied torque was 1000 μN with a test time of 600 seconds. 
The use of fractional rheological functions to model asphalt’s creep and relaxation 
behaviour was demonstrated by Oeser et al. (2006, 2008) by employing a power law 
function to create the fractional elements.  In this study a power law function was 
used to model the creep and relaxation characteristics of small asphalt specimens.  A 
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least squares optimisation algorithm (Nocedal and Wright 2006) was used to 
determine A and β in Equation 3-15 as shown in Figure 3-25 and Figure 3-26. 
 
Figure 3-25 : Asphalt creep compliance at 20°C and power law curve fitting for asphalts 
AV0, AVL, AVM and AVH 
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Figure 3-26 : Asphalt creep compliance at 20°C and power law curve fitting for asphalts 
BV0, BVL, BVM and BVH 
The model fitting parameters A and β are reported in  
Table 3-3.  With increasing polymer content, the β value decreases with increasing 
polymer content as the asphalt becomes more elastic.  Similarly, with increasing 
polymer content, the asphalt stiffness increases, which is mirrored by decreases in 
the model parameter A. 
 
Table 3-3 : Creep model coefficients 
 A β R2 
AV0 2.59 x 10-9 1/Pa 0.481 98.7% 
AVL 1.44 x 10-9 1/Pa 0.409 97.4% 
AVM 1.02 x 10-9 1/Pa 0.376 98.7% 
AVH 9.06 x 10-10 1/Pa 0.337 95.8% 
BV0 4.15 x 10-9 1/Pa 0.418 98.1% 
BVL 2.91 x 10-9 1/Pa 0.408 98.7% 
BVM 1.03 x 10-9 1/Pa 0.388 93.9% 
BVH 3.74 x 10-10 1/Pa 0.343 97.6% 
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The relaxation modulus was modelled using Equation 3-24 with values for A and 
β taken from the results in Table 3-3.  As can be seen in Figure 3-27 and Figure 3-28, 
a reasonably good agreement with the experimental data is observed, validating the 
use of the fractional calculus model concept. 
 
Figure 3-27 : Measured and modelled asphalt relaxation at 20°C for asphalts AV0, AVL, 
AVM and AVH 
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Figure 3-28 : Measured and modelled asphalt relaxation at 20°C for asphalts BV0, BVL, 
BVM and BVH 
3.11 Concluding Remarks 
This chapter has demonstrated that the viscoelastic characteristics of full asphalt 
mixtures may be determined using a Dynamic Shear Rheometer and small specimens, 
with a good correlation of phase angle to large specimens tested in uniaxial cyclic 
compression, even with a nominal maximum aggregate size near to that of the small 
specimen’s diameter.  This confirms that the asphalt’s viscoelastic properties are 
dominated by the mastic and fine aggregate behaviour rather than the larger 
aggregate packing orientation. The linear viscoelastic complex modulus was also 
found to follow the expected patterns in both large and small specimen testing. 
The use of the small specimen test method to differentiate between the creep 
compliance of unmodified and polymer modified asphalt was also demonstrated.  
The effective use of a power law to model the creep compliance of asphalt using only 
two parameters was demonstrated, with fractional calculus utilised to interconvert 
between creep and relaxation. 
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4 ASPHALT FRACTURE AND CRACK PROPAGATION§ 
4.1 Introduction 
Traffic loading of the pavement produces tensile strains at the bottom of the 
pavement layer as depicted in Figure 4-1.  Similarly, the daily temperature changes 
create temperature gradients within the structure causing thermal stresses to also 
develop. 
 
Figure 4-1 : Tension and compression in the pavement due to traffic loading 
                                                     
§ This chapter includes results originally published in Lancaster I.M., and H. Al-
Khalid, (2014) “Crack propagation in the cyclic semi-circular bending test” 
Proceedings of the ICE - Construction Materials, Volume 167, Issue 4, pp. 191 –200 
(doi:10.1680/coma.13.00025) and Lancaster I.M. and H. Al-Khalid, (2011) “Crack 
growth analysis of polymer modified asphalt using linear and non linear fracture 
mechanics” In: Nikolaides A.F. eds. Proceedings of the 5th Int. Conf. on Bituminous 
Mixtures & Pavements. International Conference on Bituminous Mixtures & 
Pavements, Hyatt Regency. Thessaloniki: Aristotle University of Thessaloniki, pp. 612-
623, reproduced by permission. 
 
 
  
Tension 
Compression Compression 
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After repeated traffic loadings and thermal cycles these stresses initiate cracking 
at the weakest points in the structure which then propagate up through the 
pavement leading eventually to its fracture. 
This chapter investigates the effect of polymer modification of asphalt on its 
fracture properties.  The fracture toughness, fracture energy and Paris Law crack 
propagation will be determined using Linear Elastic Fracture Mechanics (LEFM) and 
the Semi-Circular Bending (SCB) geometry.  The J-integral will also be used to assess 
crack propagation and asphalt damage characterisation. 
4.2 Fracture Mechanics Background 
Material failures due to fracture are a serious problem to be considered by 
engineers as all realistic materials contain cracks and flaws which are initiation sites 
for fracture failure to occur.  Structures must be designed so that they can withstand 
the expected loadings, and also predict how fast and where any crack will propagate 
within the structure so an acceptable safe service life may be determined. 
When a load is applied to a crack the type of fracture which occurs in the material 
is usually described in terms of the fracture modes depicted in Figure 4-2.  Mode I, 
crack opening, is the most commonly encountered mode as cracks have a tendency 
to grow on the plane of maximum tensile stress.  Mode II is the in-plane shearing or 
sliding mode, and mode III is the tearing or anti-plane shear mode.  In practical 
situations combinations of these modes often occur during crack extension, and in 
this case the failure is referred to as mixed-mode. 
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Figure 4-2 : Fracture modes I, II and III 
The modern study of fracture mechanics began with the work of Griffith in the 
early part of the twentieth century.  He investigated the fracture stress of glass fibres 
as a function of their diameter and found that as the diameter tended to zero the 
fracture stress tended to the theoretical strength, but at large diameters was around 
a hundred times lower.  Inglis (1913) had calculated the stress concentrations at holes 
in plates and showed these were far greater than the nominal stress applied to the 
plate.  Griffith (1921) assumed that defects within the fibres would lead to these high 
stress concentrations, and attributed the difference in measured fracture stresses to 
the presence of defects within the fibres and reasoned that as the diameter the fibre 
increased the volume increased and therefore the number of defects in the fibre also 
increased.  Furthermore, by introducing artificial flaws to the fibres of known length, 
a, Griffith was able to show that for a fracture stress σf, 
σfa-½ ≈ constant       Equation 4-1 
Griffith went on to consider the energy required to fracture the sample in terms 
of the surface energy of the material and was able to show that 
Mode I 
Mode II 
Mode III 
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𝑮𝒄 =
𝝈𝒇
𝟐𝝅𝒂
𝑬
         Equation 4-2 
Where Gc is the critical energy release rate and E is Young’s Modulus 
4.3 Stress Intensity Factors and Fracture Energy 
Whilst Griffith had worked with brittle glass, Irwin and co-researchers in the 
1950’s were studying ductile steel. They were able to show how the critical stress 
intensity factor, Kc, could be used quantify the driving force at the crack tip (Irwin 
1957). 
𝐊𝐜 = 𝛔𝐟√𝛑𝐚       Equation 4-3 
Combining Equation 4-2 and Equation 4-3  we find for plane stress 
𝑮𝒄 =
𝑲𝒄
𝟐
𝑬
        Equation 4-4 
And more generally for stresses σ < σf the non-critical values for G and K are 
related as 
𝑮 =
𝑲𝟐
𝑬
        Equation 4-5 
Similarly, for plain strain 
𝑮 =
𝑲𝟐
𝑬
(𝟏 − 𝝊𝟐)       Equation 4-6 
Where ν is Poisson’s ratio. 
 
To accommodate any specific geometry a dimensionless parameter, Y, may be 
introduced to give 
 
𝑲 = 𝝈𝒀√𝝅𝒂       Equation 4-7 
The mode I critical stress intensity factor, KIC, for a material is also referred to as 
fracture toughness and is a quantitative approach of expressing the resistance to 
brittle fracture in the presence of a crack.  Once a material’s fracture toughness is 
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known it is straightforward to determine when a material will fail for any specified 
crack length and loading. 
Another method of quantifying a material’s response to fracture is via its fracture 
energy, Gf, which is the rate of energy dissipation as the crack initiates until the 
material fails due to crack propagation.  To determine Gf the work of fracture is 
divided by the ligament area.  Practically in a monotonic test this is simply determined 
by dividing the area under the load-displacement curve by the product of the 
specimen thickness and ligament area. 
4.4 J-integral 
At very low temperatures asphalt is still a viscoelastic material albeit with 
primarily elastic characteristics, but at intermediate and high temperatures behaves 
in a nonlinear elasto-visco-plastic manner.  Therefore, to accurately depict fracture 
in asphalt during service, a more general analysis is required.  Cherepanov (1967) and 
Rice (1968) independently considered the case of plastic crack propagation and 
proposed the J-integral as a new fracture parameter which is defined by Equation 4-
8 and depicted in Figure 4-3. 
𝑱 = ∮ (𝑾𝒅𝒚 − 𝑻𝒊
𝝏𝒖𝒊
𝝏𝒙
𝒅𝒔)
𝚪
     Equation 4-8 
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Figure 4-3 : Contour integral evaluation around a crack tip 
where Γ is the contour integral around the crack tip, W is the strain energy per 
unit volume, T is a traction vector on the contour Γ normal to it, ui is the displacement 
in the x direction, and dS is the arc length on contour Γ. 
For a body under monotonic loading the J-integral is equal to the strain energy 
release rate for a crack.  The critical strain energy release rate, JIC, defines the point 
where large-scale plastic yielding during crack propagation occurs under mode I 
loading.  Rice (1968) proposed that the critical JIC, can be calculated using 
𝑱𝑰𝑪 = −
𝟏
𝒃
(
𝒅𝑼
𝒅𝒂𝟎
)       Equation 4-9 
where b is the sample thickness, a0 is the notch depth, and U is the sample strain 
energy to failure, which is the area under the load-displacement curve to failure.  
Hence JIC may be practically determined from the slope of the best fit line of a plot of 
fracture energy per unit thickness against notch depth. 
4.5 Semi Circular Bend Testing 
To determine K and J the most common specimen geometries are the single edge 
notch bend (SENB) and the compact tension (CT) as shown in Figure 4-4. 
T 
ds 
Γ 
y 
x 
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Figure 4-4 : Single Edge Notch Bend (left) and Compact Tension (right) geometries. 
These geometries are well characterised and are well suited to testing of metals, 
or other easily machined materials.  However, whilst they have been applied directly 
to asphalt (Anderson et al. 1992, Sewell et al. 2000) or with modified geometries such 
as the disk shaped compact tension test (Wagnoner, Buttlar and Paulino 2005) the 
specimen preparation is not straightforward requiring large quantities of material 
and significant time and difficulty in sawing and drilling the specimen to the required 
shape. 
An alternative geometry that is particularly suitable for materials which are easily 
sampled by coring is the Semi-Circular Bend (SCB).  As a consequence, disciplines 
including glaciology (Adamson, Shapiro and Dempsey 1997), geology (Chang, Lee and 
Jeon 2002), and pavement analysis (Molenaar et al. 2002) have all made use of this 
geometry to study material fracture properties.  It is particularly suitable for asphalt 
as not only can site cores be taken but many of the standard laboratory asphalt 
compaction devices such as Duriez, Marshall, and Gyratory compaction all directly 
produce the necessary cylindrical specimens. 
The notched SCB, as shown in Figure 4-5, has been utilised by a number of authors 
to analyse the fracture and fatigue properties of asphalt (Hofman et al. 2003, 
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Mohammad, Wu and Mull 2004, Artamendi and Khalid 2006, Hassan and Khalid 2010, 
Huang, Shu and Zuo 2013, Abdo, Jung and Baek 2013, Walubita et al. 2013). 
 
Figure 4-5 : Schematic of notched SCB geometry 
Where P is the applied load, r is the sample radius, 2s is the support width, and a0 
is the initial notch depth. 
One disadvantage of the SCB is the geometry factor Y cannot be analytically 
determined, but Lim, Johnson and Choi (1993) used Finite Element Analysis (FEM) to 
determine an approximate relationship for the normalised mode I stress intensity 
factor Y1 for the SCB geometry with span to diameter ratio of 0.8 as  
𝒀𝟏 = 𝟒. 𝟕𝟖𝟐 − 𝟏. 𝟐𝟏𝟗(𝒂𝟎 𝒓⁄ ) + 𝟎. 𝟎𝟔𝟑𝒆𝒙𝒑(𝟕. 𝟎𝟒𝟓(𝒂𝟎 𝒓⁄ )) Equation 4-10 
Huang, Keming and Zeng (2009) also used FEM to show that the stiffness modulus, 
E, for the SCB is  
𝑬 = 𝟏. 𝟗𝟗𝟕(𝒆𝟏.𝟏𝟕𝟓𝒔 𝒓⁄ − 𝟏)
𝑷
𝒅
     Equation 4-11 
where d is the vertical deflection at the middle point of the lower surface of the 
specimen. 
P 
2r 
2s 
a0 
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It was also shown that for a specimen of thickness b, the horizontal stress σhor was, 
𝝈𝒉𝒐𝒓 =
𝟔𝑷𝒔
𝒃𝒅𝟐
       Equation 4-12 
4.6 Specimen Preparation 
To produce the test specimens the asphalt mixtures described in section 3.2 were 
used.  Gyratory specimens 150mm in diameter by approximately 120mm high were 
manufactured to the design target air void content of 5.0%.  Two test specimens 
150mm diameter by 50mm thick were then cut by diamond sawing from the large 
gyratory specimen.  The Indirect Tensile Stiffness Modulus (ITSM) of each core was 
determined at 20°C according to EN 12697-26 annex C (BSI 2004).  The bulk density 
and air void content of each core were determined using methods EN 12697-6 (BSI 
2012) procedure B and EN 12697-8 (BSI 2003) and summarised in Table 4-1. 
With increasing polymer content, it was observed that the stiffness of the mixture 
increased significantly.  Interestingly whilst the Venezuelan and Middle Eastern 50/70 
produced similar stiffness asphalt, the Russian bitumen based asphalt was stiffer in 
both aggregate type mixtures.  The asphalt manufactured using the harder 30/45 
binder produced similarly high stiffness materials to those with the more highly 
polymer modified binders, which enabled the direct comparison of modified and 
unmodified asphalt at comparable stiffness. 
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Asphalt Reference Void Content (%) ITSM @ 20°C (MPa) 
AV0 4.8 3997 
AVL 5.2 4662 
AVM 4.5 6003 
AVH 5.2 7260 
AV3 5.2 6789 
AM0 4.9 4012 
AMM 5.1 6214 
AR0 4.5 5068 
ARM 4.9 6812 
BV0 5.8 3648 
BVL 5.3 4915 
BVM 6.2 5454 
BVH 5.3 5692 
BV3 5.2 5388 
BM0 5.4 3517 
BMM 5.2 5512 
BR0 5.2 4998 
BRM 5.4 7234 
Table 4-1 : Summary of asphalt voids and stiffness properties 
To produce the SCB test specimens each core was sawn in half to produce two 
semi-circular samples as shown in Figure 4-6.  
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Figure 4-6 : Limestone (left) and gritsone (right) semicircular samples prior to notching 
4.7 Monotonic Test Results 
To determine KIC and JIC notch depths of 9, 19, and 29mm were made in the 
specimens using a diamond tipped tile cutter to produce notches of a nominal 3.0mm 
width, ω.  Testing was performed using a pneumatically driven universal testing 
machine at 20°C in a temperature controlled cabinet with each sample being 
conditioned for a minimum of four hours to ensure temperature equilibrium had 
been achieved within the sample. 
The same span to diameter ratio of 0.8 was used in all tests.  Two displacement 
control rates were used with load applied at 5mm/min for the majority of the tests 
with a sub-set of tests loaded at 0.5mm/min.  The force measured using the load cell 
and non-contact transducers glued to the specimen were used to record the 
specimen vertical deformation and crack mouth opening displacement as shown in 
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Figure 4-7 and Figure 4-8.  A high speed digital camera was used to record the crack 
propagation for specimens tested at 0.5mm/min vertical displacement.   
 
Figure 4-7 : SCB specimen with non-contact transducers glued in position 
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Figure 4-8 : Schematic of SCB specimen during test showing positioning of the non-
contact transducers. 
Equation 4-7 and Equation 4-9 were then used to calculate KIC and JIC and the 
results summarised in Table 4-2 and Table 4-3, with typical load displacement curves 
shown in Figure 4-9 and Figure 4-10. 
  
Non-contact 
transducers 
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Asphalt Reference KIC (N/mm3/2) JIC (J/mm2) 
AV0 16.8 1.91 
AVL 20.6 2.27 
AVM 24.6 2.76 
AVH 21 1.90 
AV3 23.9 0.60 
AM0 16.2 1.82 
AMM 21.6 2.54 
AR0 15.9 1.78 
ARM 23.5 2.81 
BV0 15.9 1.38 
BVL 18.2 1.51 
BVM 20.5 1.20 
BVH 21.6 1.18 
BV3 22.1 0.78 
BM0 17.2 1.08 
BMM 23.1 1.34 
BR0 18.8 1.16 
BRM 25.2 1.42 
Table 4-2 : KIC and JIC determined by SCB measurements at 20°C at 5mm/min 
Asphalt Reference KIC (N/mm3/2) JIC (J/mm2) 
AV0 6.63 1.33 
AVL 6.49 1.72 
AVM 10.8 2.06 
AVH 9.06 1.79 
AV3 8.2 1.43 
Table 4-3 : KIC and JIC determined by SCB measurements at 20°C at 0.5mm/min 
 93 
 
 
Figure 4-9 : Load-vertical displacement curves for asphalt AV0 (0.5mm/min) with crack 
depths of 9, 19, and 29mm 
 
Figure 4-10 : Load-CMOD curves for asphalt AV0 (0.5mm/min) with crack depths of 9, 
19, and 29mm 
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Similar results have been determined by other researchers for KIC and JIC (Hassan 
and Khalid 2010, Haryanto and Takahashi 2008, Mull, Othman and Mohammad 2002) 
indicating the test setup was performing as expected.  The energy released during 
the test is a combination of elastic and plastic deformations, with KIC related to the 
elastic component.  These results confirm that, as expected, at lower loading rates 
the energy released due to purely elastic deformation is lower as more plastic flow 
occurs during the test. 
Increasing polymer content for all crude sources leads to a higher KIC.  However, 
the harder AV3 and BV3 asphalts have similar KIC to the more highly modified 50/70 
asphalts indicating that polymer content and KIC are not directly related.  Figure 4-11 
demonstrates that there is a moderate correlation between KIC tested with a loading 
rate of 5mm/min and ITSM at 20°C, which is reasonable as both tests are measuring 
the elastic properties of the asphalt.  Furthermore, if the two circled outliers are 
removed the R2 increases to 0.84. 
 
Figure 4-11 : Correlation between KIC (5mm/min loading rate) and ITSM at 20°C 
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KIC was found to be similar for the mixtures with the same binder containing 
either limestone or gritstone.  However, JIC was higher for 8 of the 9 binders in the 
limestone based asphalts indicating greater plastic flow prior to failure.  This may be 
a consequence of differences in aggregate shape and interlock.  Whilst the overall 
grading curves shown in Figure 3-2 were similar the filler content of 4.8% for the 
limestone mixture was significantly higher than the 1.8% for the gritstone mixture.  
The differences in JIC could, therefore, also be a consequence of different 
deformation of the mastic although further mix design experiments would be 
necessary to confirm this. 
JIC was found to be larger for the polymer modified asphalts than the unmodified 
asphalts as a result of the polymer allowing significant plastic flow prior to 
catastrophic specimen fracture.  Furthermore, JIC for the AV3 and BV3 was very low 
as in this case the brittle failure occurred.  This demonstrates that JIC is a better 
indicator of polymer modification than KIC. 
4.8 Rotational Factor Determination by Image Analysis 
In addition to KIC and JIC a further fundamental material fracture parameter is the 
crack tip opening displacement, δ, shown schematically in Figure 4-12 for the notched 
SCB geometry used in this research.  
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Figure 4-12 : Schematic of crack opening and measured properties 
Where δ = Crack Tip Opening Displacement (CTOD), CMOD = Crack Mouth 
Opening Displacement = CMODelastic + CMODplastic, z = sensor height above sample,  r 
= rotational factor (dimensionless factor showing the relative position of the 
apparent hinge above the crack tip), and COA = crack opening angle  
From fracture mechanics theory the J-integral and δ are related by 
𝑱 = 𝒎𝝈𝒚𝜹        Equation 4-13 
where m = plastic constraint factor, and σy = yield stress 
This relationship has been shown to be valid beyond the linear elastic limit into 
elastic plastic fracture (Shih 1981).  In the case of elastic-plastic failure the total δ 
contains distinct elastic and plastic components as shown in Equation 4-14.  The 
elastic component is the elastic strain energy release rate, which itself is a function 
of the mode I stress intensity factor KI (Wells 1961) and the plastic component is 
calculated from the CMODplastic using the plastic hinge model rotational factor r. 
r(W-a
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  Equation 4-14 
Without prior knowledge of the rotational factor, r, it is not possible to determine 
δ from measurements of CMOD at peak load.  However, visual measurements may 
be made using image analysis software from the digital photographs recorded during 
the monotonic SCB test.  Firstly the crack is analysed prior to the application of any 
load, with the notch width, ω, measured at points where the notch sides are parallel 
away from the curved notch end as shown in Figure 4-13 and Figure 4-14. 
 
Figure 4-13 : Typical displacements observed during crack opening 
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Figure 4-14 : Crack measurements taken by image analysis measurements 
A second set of measurements are then performed on the photograph 
corresponding to the peak load.  The measurements taken were the opened notch 
width at the mouth of the crack, ω'', and the opened notch width, ω’, at a distance 
a’, down the notch.  Equation 4-15 may then be used to determine δ by a similar 
triangles construction, with the results shown in Table 4-4 
 )()()( '''
'
0''  
a
a
    Equation 4-15. 
Asphalt with Binder AV0 AVL AVM AVH AV3 
δ (mm) 0.53 0.33 0.22 0.20 0.30 
Table 4-4 : Summary of average δ for 0.5 mm/min vertical displacement monotonic SCB 
tests 
Figure 4-15 shows a typical load displacement curve for a material undergoing 
elastic and plastic flow.  As can be seen the initial part of the curve is linear, but then 
deviates as plastic deformation occurs.  The CMOD can then be separated into its 
δ 
a0 
ω 
a' 
ω' 
ω'' 
Notch at peak load Initial 
 99 
 
elastic and plastic components by drawing a line parallel to the elastic loading line as 
shown in Figure 4-15. 
 
Figure 4-15 : Decomposition of CMOD into plastic and elastic components 
For a typical monotonic SCB test performed at 20°C and 0.5mm/min only a very 
small linear elastic response is observed at the start of the test, as shown in Figure 
4-16, with the majority of the curve until peak load being non-linear.  Therefore, an 
assumption was made that CMODtotal was approximately equal to CMODplastic. 
Force 
CMOD 
CMOD 
(Plastic) 
CMOD 
(Elastic) 
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Figure 4-16 : Load versus CMOD for asphalt AVM (9mm crack) 
By assuming that CMODplastic = CMODtotal the plastic component of Equation 4-14 
may be taken as equal to δ and rearranged as: 
)aW()CMOD(
)az(
r
o
o


      Equation 4-16 
Equation 4-16 was then used to determine the three ao/W ratios used in these 
experiments as shown in Table 4-5.  There is no commonly accepted value of r for the 
SCB although Haryanto and Takahashi (2008) used an alternative approach and found 
r in the range 0.07 to 1.375.  Values for the other commonly used fracture geometries 
are provided in ASTM E1290 (ASTM 2008) with r=0.46 for the compact tension 
geometry and r=0.4 for the single edge notched beam.  Therefore, the values 
determined in this study are reasonable and fall within the expected range. 
ao/W 0.123 0.260 0.397 
Mean r 0.09 0.13 0.24 
Table 4-5 : Calculated rotational factor r for ao/W values used in the tests 
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4.9 Cyclic testing 
4.9.1 Paris Law 
Monotonic testing provides direct information of a material’s ability to resist large 
tensile forces, and fracture will only occur when KI>=KIC.  In reality most cracking is a 
result of multiple smaller load applications where KI<KIC, where fracture will not occur 
completely but instead the crack will propagate incrementally through the material. 
Experimentally this crack propagation is usually measured in terms of crack 
growth per number of cycles, da/dN, as a function of the stress intensity range, ΔK, 
with a typical result shown in Figure 4-17. 
 
Figure 4-17 : Schematic of typical crack growth rate phases 
The material behaviour is characterised by three phases.  In region I, at very low 
ΔK there is a threshold value below where cracks will not propagate, and once ΔK 
exceeds the threshold value crack growth begin but is not straightforward to 
characterise and is controlled primarily by the material’s microstructure and flow 
properties.  In pavements the term endurance limit has been used to describe a 
log da/dN 
log ΔK 
I II III 
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structure where the stress produced at the pavement base is at or below the 
threshold limit and, in theory, should permanently resist crack propagation although 
this does exclude other external factors such as environmental changes or subgrade 
failure. 
In region III ΔK approaches KIC and the crack growth rate accelerates as the 
material becomes unstable leading to eventual fracture.  However, in region II the 
crack growth is stable and governed by the well-known Paris Law (Paris and Erdogan 
1963) which is a power law linking da/dN and ΔK via material constants A and n. 
𝒅𝒂 𝒅𝑵⁄ = 𝑨(𝚫𝑲𝑰)
𝒏      Equation 4-17 
Equation 4-7 may therefore be recast in terms of cyclic loading as 
𝚫𝑲𝑰 = (𝚫𝑷 𝟐𝒓𝒃⁄ )𝒀𝑰√𝝅𝒂     Equation 4-18 
where ΔP is the applied load range, r is the specimen radius, b is the sample 
thickness, and r is the sample radius. 
However, this approach is only valid under LEFM conditions and should only be 
considered as a first approximation for complex materials such as asphalt. 
4.9.2 J-integral analysis 
To extend crack growth analysis to more accurately depict time dependent 
viscoelastic materials a more general model using the J-integral was developed.  
Schapery (1984) employed the J-integral and energy release rate as introduced by 
Rice (1968) to investigate non-linear crack growth in viscoelastic materials.  In this 
model an extended elastic-viscoelastic correspondence principle was developed 
which stated that the constitutive equations for elastic and viscoelastic materials 
were equivalent if the stresses and strains were replaced with pseudostresses, σR, 
and pseudostrains, γR, as 
𝜸𝑹 =
𝟏
𝑬𝑹
∫ 𝑫(𝒕 − 𝝉)
𝝏𝜸
𝝏𝝉
𝒅𝝉
𝒕
𝟎
     Equation 4-19 
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𝝈𝑹 = 𝑬𝑹 ∫ 𝑱(𝒕 − 𝝉)
𝝏𝝈
𝝏𝝉
𝒅𝝉
𝒕
𝟎
     Equation 4-20 
Where ER is a reference modulus, D(t) is the relaxation modulus, and J(t) the creep 
compliance. 
Schapery also used the correspondence principle to relate the J-integral to the 
work of fracture, Wf, necessary to produce failure in an element at time t and position 
α within the failure zone as 
𝑾𝒇 = 𝑬𝑹 ∫ 𝑱(𝒕 − 𝝉)
𝝏𝑱𝑽
𝝏𝝉
𝒅𝝉
𝒕𝒊
𝟎
     Equation 4-21 
Where Jv is the viscoelastic J-integral, and ti is the time taken to initiate the crack, 
as shown in Figure 4-18. 
 
Figure 4-18 : Schematic view of the crack tip and fracture process zone 
For a fully elastic material the creep compliance is a constant, J, and the reference 
modulus ER may be chosen to be equal to J-1.  In this case it is clear that Equation 4-
21 reduces to the well-known fracture mechanics result of Wf=Jv.  Therefore, instead 
Crack tip 
Fracture process zone 
Intact material 
Crack surface 
α 
 
Intact material 
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of expressing the Paris Law in terms of K or J an alternative model for the crack growth 
rate is suggested in Equation 4-22 in terms Wf. 
𝒅𝒄
𝒅𝑵
= 𝑨𝑾[𝑾𝒇]
𝒏𝑾
       Equation 4-22 
In plain strain the viscoelastic J-integral is related to the mode one stress intensity 
factor by 
𝑱𝑽 = (𝟏 − 𝝂
𝟐)
𝑲𝑰
𝟐
𝑬𝑹
       Equation 4-23 
Where ν is Poisson’s ratio  
Substituting Equation 4-23 into Equation 4-21 
𝑾𝒇 = (𝟏 − 𝝂
𝟐) ∫ 𝑱(𝒕𝒊 − 𝝉)
𝝏𝑲𝑰
𝟐
𝝏𝝉
𝒅𝝉
𝒕𝒊
𝟎
    Equation 4-24 
Allowing Wf to be calculated from experimental data 
4.9.3 Cyclic Test Results 
The same experimental setup was used as for the monotonic tests. All specimens 
were notched with an initial notch depth of 9mm and prior to testing these specimens 
were painted with white emulsion to provide a clearer determination of the crack 
location on the front face of the specimen.  During the test an external floodlight was 
also used to provide a consistent illumination of the specimen face to further improve 
the consistency of the crack location recording as shown in Figure 4-19.  As the testing 
period could potentially extend for many hours rather than record the crack at fixed 
time intervals a photograph was only taken every 0.1mm of permanent vertical 
deformation, leading to approximately 50 frames per test. 
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Figure 4-19 : SCB specimen under test with camera and light source 
A sinusoidally varying load was applied to each specimen at 1Hz.  For each asphalt 
mixture three specimens were analysed using a 1kN peak to peak loading, with 
additional specimens analysed at 0.5kN and 2kN.  A typical crack propagation is 
shown in Figure 4-20, and typical measured values of vertical displacement and 
CMOD shown in Figure 4-21 and Figure 4-22 
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Figure 4-20 : Typical crack propagation during cyclic testing of asphalt AVL 
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Figure 4-21 : Measured Permanent Deformation for AV0 1kN Peak-to-Peak Load 
 
Figure 4-22 : Measured Resilient Displacement for AV0 1kN Peak-to-Peak Load 
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The average number of cycles to failure is shown in Figure 4-23 for specimens 
with 1kN peak to peak loading.  As can be seen there is a general increase in the 
number of cycles to failure with increasing levels of polymer content, with the 
limestone mixture outperforming the gritstone mixture. 
 
Figure 4-23 : Average cycles to failure of asphalt mixtures under test at 1kN peak to 
peak applied stress 
4.9.4 Paris Law analysis 
A traditional Paris Law LEFM approach was first employed to determine crack 
growth rates of the asphalts and material constants in Equation 4-17.  The 
experimental results for specimens tested at 1kN peak to peak loading are shown 
graphically in Figure 4-24 for asphalt AVO, with the Paris Law constants summarised 
in Table 4-6.  The graphical results for all the asphalts are included in Appendix A. 
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Figure 4-24 : Crack growth rate versus ΔK1 for AV0 
 A (mm/cycle(Nmm-1.5)n) n R2 
AV0 8.17E-04 1.72 0.65 
AVL 3.99E-04 1.88 0.63 
AVM 3.60E-05 2.69 0.71 
AVH 1.03E-04 2.00 0.59 
BV0 4.01E-04 2.08 0.63 
BVL 2.74E-04 2.38 0.49 
BVM 1.14E-04 2.17 0.82 
BVH 1.24E-04 2.41 0.84 
Table 4-6 : Paris Law constants determined at 1kN peak to peak loading 
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For both aggregate types it can be seen that as the polymer content increases and 
the number of cycles to failure increases there is a decreasing trend in the Paris Law 
constant ‘A’.  The exponent ‘n’ shows smaller variation with a lesser tendency to 
increase with increasing polymer modification levels. 
However, the practical difficulties in accurately measuring the crack propagation 
are revealed by the wide range of R2 correlations from 0.49 to 0.86.  Whilst the crack 
measurements are made on the camera facing side of the specimen, the actual crack 
tip position could be anywhere within the bulk of the specimen.  Furthermore, whilst 
the crack propagation and vertical deflection of the specimen are obviously related, 
by only triggering the camera at 0.1mm vertical displacement intervals an error is 
introduced in accurately capturing the number of cycles necessary required to 
propagate the crack. 
4.9.5 Work of fracture analysis 
To determine the work of fracture during crack growth Equation 4-24 was 
evaluated.  To simplify the algebra KI may be re-written as 
𝑲𝑰 = 𝑷(𝒕)𝑮(𝒂)       Equation 4-25 
where 𝑮(𝒂) = 𝒀√𝝅𝒂 
The applied loading stress P(t) is 
𝑷(𝒕) =
𝑨𝟎
𝟐𝒓𝒃
(𝟏 − 𝒄𝒐 𝒔(𝟐𝝅𝒇𝒕))     Equation 4-26 
where A0 is the peak to peak applied loading, f is the frequency of loading, r is the 
sample radius, b is the sample thickness, and t is time. 
Substituting Equation 4-25 into 4-24 therefore gives 
𝑾𝒇 = (𝟏 − 𝝂
𝟐)𝑮𝟐(𝒂) ∫ 𝑱(𝒕𝒊 − 𝝉)
𝝏𝑷𝟐(𝒕)
𝝏𝝉
𝒅𝝉
𝒕𝒊
𝟎
   Equation 4-27 
And expanding P(t) and differentiating with respect to τ we find that 
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𝑾𝒇 =
𝑨𝟎
𝟐𝝅𝒇(𝟏 − 𝝂𝟐)𝑮𝟐(𝒂)
𝒓𝟐𝒃𝟐
∫ 𝑱(𝒕𝒊 − 𝝉)𝒔𝒊𝒏(𝟐𝝅𝒇𝒕)(𝟏 − 𝒄𝒐𝒔(𝟐𝝅𝒇𝒕))𝒅𝝉
𝒕𝒊
𝟎
 
        Equation 4-28 
When the integral portion of Equation 4-28 is evaluated the function has the 
general shape shown in Figure 4-25. 
 
Figure 4-25 : Typical function of the contents of the integral to be evaluated 
To correctly evaluate Equation 4-28 the selection of t1 is vitally important.  Kuai 
et al. (2009, 2010) analysed compact tension specimens using a similar approach but 
only evaluated the work of fracture once the change from cycle i to i+1 tends to zero.  
However, this only occurs when the creep compliance reduces to a constant, and 
therefore Wf = Jv and the analysis reverts to a simple Paris Law.  To correctly include 
the time dependent effects in this research the integral is evaluated from t=0 until 
the measured time t1 where the crack is observed to have propagated. 
The creep compliance data from the DSR, the mode I SCB stress intensity factor, 
and the applied haversine loading function were therefore used to calculate Wf 
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during crack growth using Equation 4-28 over the time taken for the crack to 
propagate.  For all the asphalts tested Poisson’s ratio was assumed to be 0.35. 
These results are shown graphically in Figure 4-26 for asphalt AVO, with results 
for all the asphalts included in Appendix A.  The crack growth rate parameters An and 
nw for Equation 4-22 are summarised in Table 4-7. 
 
Figure 4-26 : Crack growth rate versus Wf for AV0 
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 AW (mm/cycle(Jmm-2)nW) nW R2 
AV0 1.75 1.15 0.59 
AVL 1.99 1.08 0.61 
AVM 19.7 1.66 0.67 
AVH 0.92 0.99 0.48 
BV0 4.75 1.39 0.53 
BVL 4.11 1.18 0.31 
BVM 3.42 1.27 0.75 
BVH 18.12 1.42 0.86 
Table 4-7 : Constants for equation 6 determined at 1kN peak to peak loading 
Kuai et al. (2009 and 2010) found values of Aw and nw at 20°C ranging from 0.62 
to 19.6 and 1.32 to 1.63 respectively for the compact tension specimen, with similar 
results found in this research.  Surprisingly no clear trends were found between the 
degree of polymer modification and the values of Aw and nw as observed earlier in 
the traditional Paris Law analysis. 
A wide range of R2 correlations was again found.  As can be seen in Figure 4-27 
there are many smaller cracks throughout the specimen in addition to the main 
central growing crack.  Localised cracking can also be seen in the loading point and at 
the supports.  The energy required to form these cracks is not captured in the current 
model, and therefore further contributes to error. 
Alternative methods to record crack propagation and specimen deformation have 
been investigated by other researchers (Aragão and Kim 2011; Nguyen et al., 2013) 
with encouraging results, and it is evident that an improved approach to determining 
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the precise location of the crack tip is necessary to more accurately model its 
behaviour.  
 
Figure 4-27 : Crack types generated during cyclic test 
4.9.6 Prediction of Pavement Service Life 
HD26 of the UK Design Manual for Roads and Bridges (Highways Agency 2006) 
provides detailed pavement design guidance for the UK trunk road network.  This 
document was used to design a typical three-layer pavement structure.  The 
subgrade was a semi-infinite layer with a modulus of 100MPa.  The second layer was 
a 300mm thick subbase with a modulus of 200MPa, with both the subgrade and 
subbase assumed to have a Poisson’s ratio of 0.4.  A single 320mm thick asphalt layer, 
with Poisson’s ratio of 0.35 and moduli as reported in Table 4-1 completed the 
pavement structure. 
Main growing 
crack 
Secondary 
cracking 
Damage at support 
contact points 
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The loading times encountered during the ITSM test are relatively long and fixed, 
whereas in reality traffic speeds are variable and loading times shorter.  Therefore, 
the actual modulus of the asphalt would be greater than the ITSM values, but as a 
first approximation, this factor has not been included here. 
The Shell BISAR software (Shell International Oil Products 1998) was used to 
simulate the pavement structure.  This was loaded with a standard axle which is 
defined as applying a total load of 80kN.  Therefore, each super single tyre applied a 
load of 40kN and the assumed tyre contract area was taken as 0.1575m2.  The stress 
and strain at the base of the asphalt layer were then calculated for each asphalt type.  
By integrating the Paris Law, Collop, Sewell and Thom (2004) showed how the 
number of cycles required to propagate a crack through a known thickness layer may 
be determined 
𝑵 =
𝟏
𝑨
∫
𝒅𝒂
[𝚫𝑲𝑰]𝒏
𝒉
𝒂𝟎
       Equation 4-29 
As the modulus of the asphalt layer is significantly higher than that of the subbase 
it is assumed to behave as a bending beam when loaded.  Therefore, the asphalt layer 
behaves as an edge cracked plate subject to pure bending and the stress intensity 
factor shown to be (Anderson 2005) 
𝑲𝑰 = 𝝈√𝝅𝒂 (√
𝟐𝒉
𝝅𝒂
𝒕𝒂𝒏 (
𝝅𝒂
𝟐𝒉
)) 𝐬𝐞𝐜 (𝝅𝒂 𝟐𝒉⁄ )(𝟎. 𝟗𝟐𝟑 − 𝟎. 𝟏𝟗𝟗[𝟏 − 𝐬𝐢𝐧 (𝝅𝒂 𝟐𝒉⁄ )]𝟒) 
Equation 4-30 
In a similar manner Equation 4-22 may be rearranged to give N in terms of Wf and 
the pseudo Paris-Law constants Aw and nw 
𝑵 =
𝟏
𝑨𝑾
∫
𝒅𝒂
[𝚫𝑾𝒇]
𝒏𝑾
𝒉
𝒂𝟎
      Equation 4-31 
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By assuming that the time between crack growth steps is long relative to the 
relaxation of the material Wf is reduced to Wf = Jv , and, therefore,  
𝑵 =
𝟏
𝑨𝑾
(
𝑬𝑹
(𝟏−𝝂𝟐)
)
𝒏𝑾
∫
𝒅𝒂
[𝜟𝑲𝑰
𝟐]
𝒏𝑾
𝒉
𝒂𝟎
     Equation 4-32 
An initial crack length of 1mm was assumed and Equation 4-32 and Equation 4-
34 integrated numerically to h=320mm at which point the crack had propagated 
completely through the asphalt layer and the pavement failed.  The results using the 
Paris Law approach (A and n) and the pseudo Paris Law (Aw and nw) are summarised 
in Table 4-8. 
 N (msa) from Paris Law N (msa) from J-integral 
Pseudo Paris Law 
AV0 1.70E-02 8.06E-02 
AVL 3.06E-02 6.10E-02 
AVM 2.55E-01 1.09E+00 
AVH 8.99E-02 6.08E-02 
BV0 3.46E-02 1.66E-01 
BVL 3.93E-02 5.67E-02 
BVM 9.17E-02 1.59E-01 
BVH 7.89E-02 9.98E-02 
Table 4-8 Predicted number of standard wheel loads to pavement failure 
The predicted time to pavement failure was longer in seven of the eight 
constructions when the J-integral approach was employed compared to the LEFM 
approach.  The J-integral approach includes the additional plastic deformation energy 
which is the most probable cause of the increased lifetimes. 
The number of load cycles to failure was found to be far lower that the values 
included in HD26.  In part this is a consequence of assuming that the asphalt is already 
pre-cracked at the base of the asphalt layer which propagates to the asphalt surface.  
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Furthermore, no account of the commonly taken upscaling factor was included in this 
analysis to account for the differences between field and laboratory conditions 
(Molenaar 2007). 
4.10 Concluding Remarks 
In this chapter the SCB geometry was successfully used to evaluate the crack 
resistance of unmodified and polymer modified asphalts.  Under monotonic loading 
at 20°C the response, particularly at lower loading rates, was found to be 
predominantly plastic rather than elastic.  It was, therefore, demonstrated that a 
simple linearly elastic analysis of the results does not fully capture the behaviour of 
asphalt. 
A new visual method of analysing the crack opening displacement of 
monotonically loaded SCB was successfully developed.  This enabled new values for 
the rotational factor of the notched SCB geometry to be determined. 
The effect of polymer modification was effectively investigated via the critical 
strain energy release rate, JIC.  As the polymer content of the asphalts was increased 
JIC also increased indicating an improved resistance to debonding stresses and 
fracture. 
The crack growth rate of cyclically loaded notched SCB asphalt was successfully 
investigated using image analysis technique with increasing polymer modification 
shown to produce an increase in the number of cycles to failure. 
In order to more completely capture the visco-elastic plastic properties of the 
asphalt cracking a generalised J-integral work of fracture model was developed with 
a reasonable correlation between the work of fracture and the crack growth rate was 
found.  Surprisingly there were no clear correlations found between the fracture 
model parameters and the level of polymer modification. 
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The results of the work of fracture model were used to predict the crack 
propagation within a typical UK flexible pavement construction assuming standard 
wheel loading conditions.  This model was used to predict the number of wheel 
loadings to pavement failure and compared to a model based on a traditional linearly 
elastic response.  In seven of the eight asphalt’s studied a longer pavement lifetime 
was found using the J-integral approach.  This demonstrated the importance of 
capturing the entire response of the asphalt to realistically predict pavement 
performance. 
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5 EXTENDED FINITE ELEMENT MODELLING** 
5.1 Introduction 
In applied science and engineering only relatively simple problems may be 
analytically resolved by the solution of their differential or integral equations.  More 
typically the system being studied has complicated geometry, loading and material 
properties which do not allow analytical solutions to be calculated.  In these cases, to 
find an approximate solution the complex system is divided into a large number of 
smaller bodies, known as Finite Elements, for which the physical properties of the 
smaller element can be described mathematically.  These elements are then 
connected to one another at node points, leading to a very large number of 
simultaneous equations which may then be solved to find the unknown quantities at 
the nodes (i.e. displacements).  It is then possible to calculate the stresses and strains 
within each of the elements and, by extension, of the whole system. 
5.2 The eXtended Finite Element Method 
The Finite Element Method (FEM) is very widely employed in engineering 
simulations, and as computing processing power continues to increase the 
complexity of models that can be analysed increases accordingly.  However, when 
the model contains discontinuous elements such as cracks or inclusions the 
traditional FEM approach is not ideally suited.  The classical approach to modelling 
cracks in FEM is to use a cohesive zone (CZ) model.  A crack in the CZ model must 
                                                     
** This chapter includes results originally published in Lancaster I.M., H. Al-Khalid, 
and I. Kougioumtzoglou, (2013) “Extended FEM Modelling of Crack Propagation using 
the Semi-Circular Bending Test” Construction and Building Materials, Volume 48, pp. 
270 – 277 (doi:10.1016/j.conbuildmat.2013.06.046), reproduced with permission. 
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have the edges of the elements aligned with the crack path as shown in Figure 5-1.  
Furthermore, a more highly refined mesh is necessary near to the crack tip to resolve 
singularities in the calculations.  As the FEM simulation progresses the model must 
then be remeshed to ensure the crack path remains along element edges and the 
crack tip retains a sufficiently fine element density leading to this approach requiring 
a very high computational demand. 
 
Figure 5-1 : Schematic of Cohesive Zone crack propagation modelling in FEM 
Belytschko and Black (1999) and Moes, Dolbow and Belytschko (1999) employed 
the partition of unity theory (Melenk and Babuska 1996) to develop a model which 
allowed the crack location and propagation to be independent of the overall model’s 
mesh, and this became known as the eXtended Finite Element Method (XFEM). 
In this method the nodes of elements close to the discontinuity of interest, such 
as a crack, are enriched by including additional degrees of freedom and shape 
functions which allow the discontinuity to be independently modelled.  As a 
consequence, as the crack propagates, there is no longer a requirement to re-mesh 
the model at each step as shown in Figure 5-2.  A further advantage of XFEM is the 
crack is able to propagate in any direction within the bulk of the material which 
enables more realistic models to be developed.  Due to the complex geometries and 
stress configurations encoutered in asphalt models XFEM is, therefore, particularly 
suitable approach for modelling crack propagation. 
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Figure 5-2 : Schematic of crack propagation modelling in XFEM 
In a traditional FEM the displacement vector field ū is  



N
i
ii uxNu
1
)(         Equation 5-1 
where i is the set of all nodes in the domain, Ni is the standard finite element 
shape function of node i, and ūi are the nodal displacement vectors. 
To model the discontinuity in XFEM additional nodes are included 
 
 

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
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
     Equation 5-2 
where H(x) is the is the Heaviside function with value +1 on one side of the crack 
and -1 on the other, āi and ƀiζ are vectors of additional nodal degrees of freedom, and 
Fζ(x) is the elastic asymptotic crack-tip function. 
5.3 Semi-Circular Bend Geometry Modelling 
Modelling the notched SCB geometry, described in detail in chapter 4, is possible 
but challenging using CZ in a traditional FEM (Elseifi et al. 2012).  However, the use of 
XFEM greatly simplifies the crack modelling procedure. 
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5.3.1 Stress Intensity Factors 
Many commercially available packages exist to conveniently enable FEM models 
to be developed, and in this study Abaqus was used as it included native support for 
XFEM cracks.  To verify the XFEM implementation the mode I Stress Intensity Factors 
(SIF) were calculated over a range of span to radius, and crack depth to radius ratios. 
A 3D model of the notched SCB geometry was created comprised of 39476 
elements.  Most of the model was composed of 4 node linear tetrahedrons, with 8 
node linear bricks with reduced integration and hourglass control close to the crack 
tip as shown in Figure 5-3. 
 
Figure 5-3 Abaqus Model for Stress Intensity Factor Calculation. 
The SIF for models with span to radius ratios of 0.8, 0.61, and 0.5 with crack to 
radius ratios from 0.1 to 0.8 for each span was calculated.  In Figure 5-4 the SIF results 
are plotted along with the values calculated by Lim, Johnson and Choi (1993).  Good 
agreement between the two data sets was found confirming that the XFEM 
implementation in Abaqus was performing satisfactorily. 
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Figure 5-4  Stress Intensity Factors for SCB with Span to Radius ratios 0.5, 0.61 and 0.8. 
5.3.2 Monotonic SCB Crack Propagation Model 
A model including crack propagation was then developed for the monotonic SCB 
test in Abaqus version 6.11-2, and to reduce the computational time a 2D model was 
created.  Rather than creating a full 3D model this was justified as, due to symmetry, 
there are no changes in the z-plane.  
The model was created using 600 4-node bilinear plane stress quadrilateral 
elements with reduced integration and hourglass control.  A span to radius ratio of 
0.8 was used to match that of the experiments performed in Chapter 4, with XFEM 
cracks 9, 19, and 29mm long.  A typical crack propagation generated by the model is 
shown in Figure 5-5 with the crack progressing in a mode I direction as envisaged. 
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Figure 5-5 : Typical Crack propagation in the Abaqus XFEM model 
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The time dependent viscoelastic material characteristics were included in the 
model for each asphalt type by entering the creep results determined in Chapter 3 
using the fractional derivative springpot model. 
The other material properties necessary for the model were Young’s modulus, 
fracture energy and maximum cohesive stress.  The maximum principle stress 
determines the point where damage is initiated in the XFEM model.  When the ratio 
of the maximum principle stress of the material, σ0max, and the calculated maximum 
principle stress in the XFEM model, σmax, is equal to 1 damage initiation occurs.  To 
avoid damage initiation from compressive stresses σmax = 0 if σmax<0, and σmax = σmax 
if σmax≥0.  This is usually denoted using the Macaulay bracket <> as in Equation 5-3, 









0
max
max


f        Equation 5-3 
Damage evolution may then be described by either the displacement at failure 
or, as used in this research, the failure fracture energy. 
To determine the appropriate values for CZ FEM models Aragao and Kim (2011) 
and Elseifi et al. (2012) followed a trial and error procedure until a correspondence 
was found to laboratory experiments.  A similar method was followed in this research 
as detailed in Figure 5-6. 
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Figure 5-6 : Procedure to optimise XFEM model input parameters 
The results from the optimised XFEM models for asphalts AV0, AVL, AVM and AVH 
are shown in Figure 5-7, Figure 5-8, Figure 5-9 and Figure 5-10 
Experimentally determined small core creep measurements entered into 
Abaqus to describe time dependent viscoelastic properties 
Initial estimates for the material’s Maximum Principal Stress, Fracture 
Energy, and Young’s Modulus entered.  Run initial XFEM model. 
Compare XFEM 
model results to 
laboratory 
results. 
End 
Modify Maximum Principal Stress, Fracture Energy, and Young’s Modulus 
and re-run XFEM model. 
Start 
Correlation 
Acceptable 
Correlation 
Unacceptable 
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Figure 5-7 : XFEM model compared to laboratory SCB testing for asphalt AV0 
 
Figure 5-8 : XFEM model compared to laboratory SCB testing for asphalt AVL 
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Figure 5-9 : XFEM model compared to laboratory SCB testing for asphalt AVM 
 
Figure 5-10 : XFEM model compared to laboratory SCB testing for asphalt AVH 
The XFEM models predict the load-displacement behaviour of the laboratory 
experiments with a reasonable accuracy.  The increase in peak loads and, therefore, 
fracture energies is captured with increasing polymer modification of the asphalt. 
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To assess the model sensitivity to input material properties the fracture energy, 
Young’s modulus, and maximum principle stress were each varied by +/- 10%.  These 
results are shown for asphalt AV0 in Figure 5-11, Figure 5-12, and Figure 5-13.  The 
changes observed are intuitively correct with increasing fracture energy producing 
an increase in peak load and displacement, increasing Young’s modulus producing a 
steeper initial load-displacement curve, and increasing maximum principle stress 
producing a higher peak load. 
 
Figure 5-11 : Effect on XFEM model of changes in Fracture Energy of asphalt AV0 
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Figure 5-12 : Effect on XFEM model of changes in Young’s Modulus of asphalt AV0 
 
Figure 5-13 : Effect on XFEM model of changes in Maximum Principal Stress of asphalt 
AV0 
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The 29mm initial crack length calibrated models were then used to validate the 
model against experimental data from 9 and 19mm initial crack length tests for 
asphalts AV0, AVL, AVM, and AVH as shown in Figure 5-14, Figure 5-15, Figure 5-16 
and Figure 5-17 respectively. 
The peak loads and displacements are in reasonably good agreement with 
laboratory data, but as with all fracture data a consideration must be made for 
material variability.  For the 9mm crack depths the simulation failed shortly after the 
peak load and displacement occurred due to the minimum time increment achievable 
in the software being reached. 
 
Figure 5-14 : XFEM predictions for asphalt AV0 with 9 and 19mm initial cracks 
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Figure 5-15 : XFEM predictions for asphalt AVL with 9 and 19mm initial cracks 
 
Figure 5-16 : XFEM predictions for asphalt AVM with 9 and 19mm initial cracks 
 133 
 
 
Figure 5-17 : XFEM predictions for asphalt AVH with 9 and 19mm initial cracks 
5.3.3 Potential for mixed mode modelling 
The advantages of crack propagation modelling using XFEM suggest that it would 
be particularly suitable for studies of mixed mode crack propagation.  To assess this, 
a crack was modelled at an angle of 45° and was allowed to propagate as shown in 
Figure 5-18.  As can be seen, the crack is free to propagate along a path determined 
by the simulation and, unlike traditional FEM approaches, does not require any user 
input to determine the crack direction during its development although further 
practical work would be required to verify these predictions. 
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Figure 5-18 Mixed mode crack propagation in the Abaqus XFEM model. 
5.4 Concluding Remarks 
This chapter has successfully verified the application of the Extended Finite 
Element Method to mode I cracking of polymer modified asphalt in the Semi-Circular 
Bending geometry.  It has been shown that XFEM in conjunction with experimentally 
determined linear viscoelastic creep properties can be a promising framework for 
efficient modelling of complex asphalt cracks. 
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6 BITUMEN-AGGREGATE BOND STRENGTH 
MEASUREMENTS 
6.1 Introduction 
The primary role of bitumen in asphalt is to bind the aggregate particles together 
to produce a structurally sound material.  To produce fracture in asphalt energy must 
be applied to the system which exceeds a combination of the adhesive bond energy 
between the bitumen and aggregate, and the cohesive energy within the bitumen 
film and aggregate.  In general, the aggregates in asphalt are the strongest element 
in the mixture so fracture occurs as a result of cohesive failure within the bitumen 
film, or adhesive failure between the bitumen and aggregate.  Asphalt’s bulk fracture 
properties, such as fracture toughness determined in Chapter 4, may be practically 
measured but the heterogeneous nature of asphalt means that factors such as 
aggregate interlock and void content also have a significant influence on the result. 
To assess the fundamental nature of the bond the characteristics of the bitumen 
and aggregate must be determined in isolation from the bulk asphalt.  In this chapter 
the Surface Free Energy (SFE) of the bitumen and aggregate was measured to 
calculate the theoretical adhesive and cohesive work of fracture.  A testing procedure 
to determine the practical work of fracture between specially prepared aggregate 
specimens and bitumen was also developed and the relative values discussed. 
6.2 Theories of Adhesion 
All adhesives share the common goal of joining materials together, and in the 
specific case of asphalt, bitumen is the adhesive providing the bond between the 
aggregates.  However, there is currently no single theory which fully describes 
adhesive bonding, but rather there are a range of theories covering individual aspects 
of adhesion with each type of adhesive bond relying to a greater or lesser extent on 
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aspects from these theories.  These theories will be summarised below with their 
relevance to asphalt considered. 
6.2.1 Mechanical Interlock Theory 
At a microscopic level surface irregularities such as natural pores or cavities are 
present in most materials.  During adhesive bonding the air trapped within these 
features is displaced by the adhesive allowing it to penetrate the substrate’s surface.  
This produces a mechanical interlock contribution to the bond strength and was 
proposed by McBain and Hopkins (1925) as an intuitive explanation for the success 
of bonding to porous materials such as wood and unglazed porcelain.  However, it 
did not explain bonding to smooth surfaces or the difficulties with poorly wetting 
surfaces and the theory was not widely accepted.  Over time the development of the 
electron microscope allowed detailed analysis of surfaces to be made and new 
processes were developed as part of the aerospace field to bond synthetic polymers 
and metals.  It therefore became apparent that microscopically rough surfaces 
produced stronger bonds than smooth surfaces (Venables 1984). 
During asphalt mixing, the hot bitumen flows into the aggregate’s pores which, 
assuming the binder is able to fully wet the aggregate, once cooled provides the 
mechanical interlock between them as shown schematically in Figure 6-1. 
 
Figure 6-1 : Mechanical interlock between bitumen and asphalt 
 
 
AGGREGATE 
BITUMEN 
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Terrar and Wagh (1992) investigated the effect of aggregate properties on 
bitumen stripping and, whilst primarily focussing on the impact of water, highlighted 
the importance of aggregate surface texture on the mechanical bond. 
6.2.2 Diffusion Theory 
The Diffusion Theory of adhesion attributes the bond to intermolecular 
entanglements at the bond interface.  Typically this occurs when both the adhesive 
and substrate have the ability to flow or are heated above their melting point during 
bonding therefore allowing the two phases to diffuse into one another.  Alternatively, 
in solvent based adhesives the substrate is solvated and molecules can diffuse into 
the adhesive.  Both these situations replace the sharp boundary layer with a diffuse 
transition. 
Whilst hot bitumen will flow into pores within the aggregate this is simply 
absorption of the bitumen into the aggregate producing a mechanical interlock bond 
as discussed earlier.  Even during asphalt mixing at 180°C the aggregate is well below 
temperatures that would lead to any melting of its surface, and therefore there is no 
contribution to adhesion due to diffusion between aggregate and bitumen. 
6.2.3 Molecular Interaction Theories 
Molecular Interaction Theories cover a wide range of interatomic and 
intermolecular chemical forces which may contribute to the formation of an adhesive 
bond, with typical bond energies shown in Table 6-1. 
Bond Type Bond Energy (kJ/mol) 
Covalent Bond (C - C) 350 
Ionic Bond (Na+ … Cl-) 450 
Hydrogen Bonding  (H2O … H2O) 24 
London Dispersion (CnH2n+2 …. CnH2n+2) 2 
Table 6-1 : Typical bond energies (Landrock and Ebnesajjad, 2008) 
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True adhesive chemical bonding involves either covalent or ionic bond formation 
between the adhesive and the substrate.  A covalent bond is formed when pairs of 
electrons are shared between two atom’s molecular orbitals.  This is a 
thermodynamically stable configuration as the total energy of the combined atoms 
is lower than that of separate atoms, and as a consequence the energy required to 
break a covalent bond is high.  An ionic bond is formed when the electrons are 
permanently transferred between the outer valance shells of two atoms producing 
charged ions of opposite charge, with the strong electrical attraction between the 
ions producing a strong bond. 
The Van der Waals forces are the sum of all the remaining forces between 
molecules once covalent and ionic bonding forces have been excluded, and can be 
divided into dipole-dipole attractions (or repulsions) and dispersive forces. 
Within heterogeneous molecules the electrons are not dispersed evenly 
throughout the molecule but instead electrons are drawn towards the more 
electronegative elements (Fluorine, Oxygen, Nitrogen, etc.) producing relatively 
electron rich areas and consequently electron poor areas.  This leads to the formation 
of a molecular dipole which will tend align itself with other nearby dipoles.  The most 
commonly encountered dipole-dipole attraction is hydrogen bonding in water as 
shown in Figure 6-2. 
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Figure 6-2 : Dipole-dipole hydrogen bonding in water 
The weakest of the intermolecular forces is the London dispersive force.  The 
electrons in atoms and molecules are in constant motion, and therefore at any time 
the electron distribution is not completely homogenous.  As a consequence, 
instantaneous weak dipoles are constantly being formed within the electron field 
leading to a weak attraction developing between molecules. 
6.2.4 Surface Free Energy Theory 
An alternative to the chemical and electron transfer theories is to consider 
material surfaces from a thermodynamic perspective.  Within the bulk of a 
condensed phase material, i.e. liquids and solids, each molecule is surrounded by 
neighbouring molecules and therefore experiences equal forces in all directions 
resulting in an overall net force of zero.  However, molecules at the surface 
experience a stronger attraction to molecules within the bulk than those in the 
adjacent medium as shown schematically in Figure 6-3. 
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Figure 6-3 : Schematic of molecular forces in a condensed phase material 
This results in a net excess of energy at the surface of the material which 
manifests itself as surface tension, or the surface free energy (SFE).  Formally the SFE 
of any material, be it in a solid or liquid, is defined as the work needed to create new 
elemental area in a vacuum.  The most common units for SFE are mJ/m2, although 
some publications continue to use the equivalent non-SI unit ergs/cm2. 
Fowkes (1964) proposed that the total SFE, γTotal, is a function of dispersive, or 
apolar, components and acid-base, or polar, components 
𝜸𝑻𝒐𝒕𝒂𝒍 = 𝜸𝑳𝑾 + 𝜸𝑨𝑩       Equation 6-1 
Where γLW is the apolar Liftshitz-Van der Waals component, and γAB is the polar 
acid-base component. 
Van Oss, Chaudhury and Good (1988) later proposed that the acid-base 
component may be described by individual acid and base elements 
𝜸𝑨𝑩 = 𝟐√𝜸+𝜸−       Equation 6-2 
Where γ+ is the Lewis Acid component and γ– is the Lewis Base component 
    
         
         
BULK 
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Therefore, the total three-component SFE is 
𝜸𝑻𝒐𝒕𝒂𝒍 = 𝜸𝑳𝑾 + 𝟐√𝜸+𝜸−       Equation 6-3 
Using this theory it is possible to calculate the theoretical adhesive work of failure 
due to SFE, ΔWadhesive, between two materials ‘A’ and ‘B’ as 
 
𝚫𝑾𝒂𝒅𝒉𝒆𝒔𝒊𝒗𝒆 = 𝟐√𝜸𝑨
𝑳𝑾𝜸𝑩
𝑳𝑾 + 𝟐√𝜸𝑨
+𝜸𝑩
− + 𝟐√𝜸𝑨
−𝜸𝑩
+    Equation 6-4 
For a material to fail in a cohesive manner requires the creation of two new 
surfaces of that material.  Therefore, the cohesive work of fracture ΔWcohesive is twice 
the SFE of the material. 
𝚫𝑾𝒄𝒐𝒉𝒆𝒔𝒊𝒗𝒆 = 𝟐𝜸
𝑻𝒐𝒕𝒂𝒍       Equation 6-5 
A three phase system may also be considered where the third material ‘W’ 
displaces the bond between ‘A’ and ‘B’.  This involves the creation of two new 
interfaces γAW and γBW and the removal of the original interface γAB, therefore the 
total work required to achieve this is 
𝚫𝑾𝑨𝑩𝑾 = 𝜸𝑨𝑾 + 𝜸𝑩𝑾 − 𝜸𝑨𝑩     Equation 6-6 
This has particular relevance to asphalt when the third material is water as it 
provides a thermodynamic assessment of the likelihood for water to break the bond 
between the bitumen and aggregate, and therefore lead to premature failure of the 
asphalt from water ingress.  This approach has been shown to be useful in assessing 
the water sensitivity of aggregate-bitumen combinations (Cheng et al. 2002, Bhasin 
et al. 2006, Kringos, Scarpas and de Bondt 2008, Lyne et al. 2013, Canestrari et al. 
2014, Grenfell et al. 2014). 
However, the primary motivation of this research was to determine factors 
influencing fracture and fatigue in asphalt.  In the laboratory, fracture and fatigue 
tests are almost exclusively carried out on dry specimens and, as has already been 
demonstrated, significant differences in performance between binders have been 
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measured.  Therefore, whilst water sensitivity is recognised as an important practical 
factor for asphalt durability, the impact of water on asphalt fracture and fatigue was 
not considered of primary relevance to this research. 
6.3 Surface chemistry of bitumen and aggregates 
Bitumen is a highly heterogeneous mixture containing a very wide range of 
potentially thousands of different molecular species, with the composition varying 
between crude sources.  Researchers have yet to confirm the internal structure of 
bitumen (Lesueur 2009, Redelius and Soenen 2015) but the majority of molecular 
species are known to be hydrocarbons with small quantities of heteroatoms of 
sulphur, oxygen and nitrogen also present.  In an effort to simplify the chemistry the 
molecules within bitumen are frequently grouped as being asphaltenes, resins, 
aromatics and saturates.  However, it should be noted that this is simply a convenient 
arbitrary grouping based on the relative solubility of chemical species in common 
organic solvents.  The surface of bitumen is dominated by the weak Van der Waal 
forces and, due to the relatively small quantity of heteroatoms, dispersive forces 
dominate. 
For an aggregate to be used in asphalt it must be sufficiently robust to withstand 
traffic and EN 13043 (BSI 2013) provides guidance on appropriate aggregate test 
methods.  However, all common natural aggregates contain a proportion of silcates, 
ranging from medium to high levels in granites and basalts, to lower levels in 
limestones.  At the aggregate surface silanol (Si-OH) groups are found which leads to 
an overall negative charge on the aggregate surface. 
To improve adhesion between bitumen and aggregate, adhesion promoters are 
added to the bitumen phase with the most common class of adhesion promoter 
being cationic surface active molecules. These are composed of a long hydrophobic 
alkyl “tail” which is compatible with the bitumen phase, and a hydrophilic functional 
“head” group which is attracted to the negatively charged aggregate surface.  Whilst 
many molecules could fulfil this role only a limited number possess sufficient thermal 
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stability to survive the high temperatures encountered during bitumen storage and 
asphalt manufacture.  Polyamines, tallow amines, and amidoamines are widely used, 
with phosphate esters also encountered.  The effectiveness of the cationic adhesion 
promoter is believed to be primarily due to Van der Waals attractions between the 
negatively charged silanol groups on the aggregate and the positively charged head 
group. 
Silane chemistry provides an alternative approach to bitumen adhesion 
promoters (Mehta and Ranka 2015).  As with the more traditional adhesion 
promoters they possess an alkyl tail, but the head is instead a alkoxysilane group. This 
reacts with the hydroxysilane groups on the aggregate surface through a 
condensation reaction to form a covalent siloxane bond and an alcohol.  This reaction 
takes place at elevated temperatures during asphalt mixing whilst the alcohol 
generated during the reaction evaporates. 
=Si-OR’ + OH-Si---  =Si-O-Si--- + HOR’ 
The formation of a covalent bond provides far stronger adhesion than the 
electrostatic bonds of traditional cationic adhesion promotors.  However, practically 
the application is more difficult as the alkoxysilane is readily hydrolysed at room 
temperatures and will self-condense rendering it ultimately inactive.  The 
interactions between the aggregate surface and bitumen with and without bitumen 
adhesion promotor are shown in Figure 6-4 below. 
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Figure 6-4 : Schematic of aggregate to bitumen adhesion with no additive (top), alkyl 
amines (middle) and silanes (bottom) 
If the primary cause of asphalt fatigue failure is debonding at the aggregate-
bitumen interface then the addition of adhesion promoter should lead to an 
improved bond and an improvement in fatigue lifetime.  However, adhesion 
promoters are not routinely used to improve cracking and fatigue resistance in 
asphalt, and there is minimal evidence in the literature relating adhesion promoters 
to improvements in dry fatigue life.  Hajj et al. (2012) assessed 5 different aggregates 
with adhesion promoters and found that for only 1 of the aggregates, a Californian 
Aggregate Surface 
Bulk 
Bitumen 
Phase 
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siliceous aggregate, showed improved dry fatigue performance with the other 4 
aggregates including limestone, gravel and granites, showed no improvement. 
6.4 Surface Free Energy Measurement Techniques 
When a liquid droplet is placed on a solid surface it spreads across the surface of 
the solid in a process referred to as wetting.  The adhesive forces between the liquid 
and solid allow the liquid to spread out, whereas the cohesive forces within the liquid 
restrict the spreading.  The wetting is quantified by the contact angle, θ, at the liquid-
solid boundary where a low contact angle indicates good wetting and a high contact 
angle poor wetting as shown in Figure 6-5. 
 
Figure 6-5 : Contact angle at liquid solid boundary demonstrating poor wetting (left) 
and good wetting (right) 
The work of adhesion and contact angle are related through the Young-Dupré 
equation, 
𝜸𝑳(𝒄𝒐𝒔𝜽 + 𝟏) = 𝚫𝐖𝐚𝐝𝐡𝐞𝐬𝐢𝐨𝐧(for solid-liquid adhesion in a third medium V)  
         Equation 6-7 
where γL is the SFE of the test liquid. 
Combining Equation 6-4 and Equation 6-7 gives, 
θ 
 
 
θ 
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𝜸𝑳(𝒄𝒐𝒔𝜽 + 𝟏) = 𝟐 {√𝜸𝑳
𝑳𝑾𝜸𝑺
𝑳𝑾 + √𝜸𝑳
−𝜸𝑺
+ + √𝜸𝑳
+𝜸𝑺
−}   Equation 6-8 
Therefore, by measuring the contact angle between liquids with known surface 
energy components and a solid surface the solid’s surface energy components may 
be determined by employing a minimum of three liquids and solving Equation 6-8 
simultaneously.  Additional test liquids can also be used to improve the accuracy of 
the result. 
A wide range of methods have been developed to practically determine the 
surface energy components of both bitumen and aggregate.  A detailed review of 
available methods was made by Little, Bhasin and Hefer (2006) with the most 
commonly encountered methods summarised below. 
6.4.1 Sessile Drop Method 
The simplest method to determine the surface energy components of bitumen is 
the static sessile drop (Wei and Zhang 2012) where a glass slide or aluminium sheet 
is coated with bitumen and the test probe liquid dropped onto it.  The contact angle 
is measured optically using a goniometer allowing relatively low cost measurements 
to be made albeit with commensurately low accuracy.  More advanced equipment 
uses image analysis algorithms to determine the shape of the drop, and hence the 
contact angle, but the difficulties in obtaining accurate results remain and this 
method is now rarely used for bitumen. 
6.4.2 Wilhelmy Plate 
To avoid the difficulties of directly measuring the contact angle the Wilhelmy 
Plate method may be employed and this is currently the most commonly used 
approach for determining the surface energy components of bitumen (Hefer, Bhasin 
and Little 2006, Bhasin et al. 2007, Howson et al. 2011, Grenfell et al. 2014).  In this 
method the material to be analysed is inserted perpendicularly into the test liquid 
and the force exerted on the plate measured using a microbalance as shown in Figure 
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6-6 and Figure 6-7.  As bitumen cannot be directly inserted on its own a glass slide 
which has been coated with hot bitumen and allowed to cool is typically used. 
 
Figure 6-6 : Wilhelmy Plate apparatus 
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Figure 6-7 : Schematic of the Wilhelmy Plate apparatus 
The contact angle, θ, between the liquid and the plate is calculated using 
𝒄𝒐𝒔𝜽 =
𝚫𝑭+𝑽𝒊𝒎𝒎𝒆𝒓𝒔𝒆𝒅(𝝆𝑳−𝝆𝒂𝒊𝒓𝒈)
𝑷𝜸𝑳
𝑻𝒐𝒕𝒂𝒍      Equation 6-9 
Where P is the perimeter of the coated plate, γLTotal is the liquid surface energy, θ 
is the contact angle between the bitumen and the liquid, Vm is the volume immersed 
in the liquid, ρL is the liquid density, ρair is the density of air, and g is acceleration due 
to gravity. 
For bitumen measurements the five test liquids typically used are water, ethylene 
glycol, formamide, di-iodomethane and glycerol.  Equation 6-8 may then be solved 
simultaneously to determine the SFE components of the bitumen. 
As the plate advances and recedes into the liquid two different contact angles are 
measured, with the difference between the two known as the contact angle 
hysteresis.  For a perfectly smooth and chemically homogeneous material the contact 
 
Moveable stage 
Microbalance 
Test liquid 
Bitumen 
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angle hysteresis should be zero (Kwok et al. 1997) but in practice a difference is 
almost always observed.  As the bitumen is applied hot to the glass plate and allowed 
to cool it is assumed that the internal forces within the binder will aim to minimise 
the surface area, and therefore produce a perfectly smooth surface.  However, as 
bitumen contains many thousands of distinct molecular components the observed 
contact angle hysteresis is assumed to be due to this chemical heterogeneity.  As the 
advancing contact angle occurs when the sample is first in contact with the probe 
liquid this is recommended as the result to be used for determining the surface 
energy components (Kwok et al. 1998). 
6.4.3 Universal Sorption Device 
Due to the high SFE of aggregates almost all probe liquids completely wet the 
surface making contact angle measurements impossible.  Also, even when the 
aggregate surface is polished, there is still a significant micro-roughness which will 
affect the contact angle. 
To resolve these issues the Universal Sorption Device, shown in Figure 6-8, has 
been developed (Bhasin and Little 2007) and is now considered to be the standard 
method for aggregate SFE determination. 
Aggregate passing the 5 mm and retained on 2.36 mm sieve is typically used and 
is thoroughly washed and dried prior to analysis.  The aggregate is placed in a basket 
connected to a microbalance inside a sealed chamber.  The chamber is degassed and 
probe gasses introduced in steps of fixed partial pressures.  The Specific Surface Area 
(SSA) is determined using the Brunauer–Emmett–Teller equation, and the 
equilibrium spreading pressure, πe, of the gas with the aggregate surface is 
determined from the adsorption isotherm by 
𝝅𝒆 =
𝑹𝑻
𝑴𝑨
∫
𝒏
𝒑
𝒅𝒑
𝒑𝟎
𝟎
      Equation 6-10 
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where R is the universal gas constant, T is the test temperature, M is the probe 
vapour molecular weight, A is the Specific Surface Area of the aggregate, n is the mass 
of vapour absorbed per unit mass of aggregate, p is the vapour pressure, and p0 is 
the maximum saturation vapour pressure. 
The surface energy components of the vapour and solid phases and the spreading 
pressure are related to the total surface energy of the vapour by 
𝝅𝒆 + 𝟐𝜸𝑳 = 𝟐 {√𝜸𝑳
𝑳𝑾𝜸𝑺
𝑳𝑾 + √𝜸𝑳
−𝜸𝑺
+ + √𝜸𝑳
+𝜸𝑺
−}    Equation 6-11 
As in the Wilhelmy Plate method a minimum of three probe liquids of known SFE 
are required so that Equation 6-11 can be solved simultaneously to determine the 
SFE components of the aggregate. 
 
Figure 6-8 : Universal Sorption Device at Texas A&M 
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6.5 Binder Surface Free Energy Results 
The SFE of the binders was determined using the Wilhelmy Plate technique, with 
the results in Table 6-2 below. 
Binder γLW (mJ/m2) γ+ (mJ/m2) γ- (mJ/m2) γTotal (mJ/m2) 
Advancing      
50/70V 31.3 0 2.5 31.3 
50/70V + 2.5% SBS 24.2 0 2.2 24.2 
50/70V + 5.0% SBS 27.3 0 1.6 27.3 
50/70V + 7.5% SBS 26.3 0 2.3 26.3 
50/70R 17.8 0.1 2.9 18.8 
50/70R + 5.0% SBS 20.2 0 6.1 21.2 
50/70ME 20.2 0.1 1.3 20.9 
50/70ME + 5.0% SBS 17.7 0 3.9 18.5 
Receding      
50/70V 41.2 0.3 30.6 47.1 
50/70V + 2.5% SBS 38.4 0.7 24.4 46.7 
50/70V + 5.0% SBS 40.2 0.4 28.0 46.8 
50/70V + 7.5% SBS 37.7 0.7 24.8 45.7 
50/70R 40.7 0 17.6 41.3 
50/70R + 5.0% SBS 43.1 0.6 12.9 48.4 
50/70ME 41.3 0 17.1 42.6 
50/70ME + 5.0% SBS 40.5 0.2 15.9 44.4 
Table 6-2 : Bitumen SFE values determined using Wilhelmy Plate 
As expected, due to the apolar nature of hydrocarbons, γLW was the dominant 
component of the all binder SFE results with only small or zero contributions from γ+ 
and γ- to the total SFE.  The Venezuelan crude based binders had the highest SFE.  As 
the presence of polymer at the surface of the binder had already been demonstrated 
by UV microscopy it was expected that, whilst SBS is also a hydrocarbon, there would 
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have been a noticeable difference in the SFE of the PmBs compared to the 
penetration grade binders.  Surprisingly, however, this was not found to be the case. 
6.6 Aggregate Surface Free Energy Results 
The aggregate SFE was measured using the Universal Sorption Device, with the 
results in Table 6-3 below 
 γLW 
(mJ/m2) 
γ+ (mJ/m2) γ- (mJ/m2) γTotal 
(mJ/m2) 
Limestone 108.3 3.1 324.3 172.0 
Gritstone 53.4 6.0 600.6 173.6 
Table 6-3 : Aggregate SFE results determined using the Universal Sorption Device 
Equation 6-11 was used to calculate ΔWadhesive using both sets of results as shown 
in Figure 6-9. 
 
Figure 6-9 : Theoretical work of adhesion of binders to aggregates 
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The limestone-bitumen ΔWadhesive was consistently higher than that for the 
gritstone-bitumen ΔWadhesive, with a mean increase of 32.3%.  No clear trends were 
observed regarding binder crude source or polymer content. 
Whilst, as discussed earlier, the effect of water on the bond was not measured in 
this study ΔWadhesive in the presence of water may still be calculated using Equation 
6-6 as shown in Table 6-4.   
Binder Limestone Gritstone 
50/70V -97.5 mJ/m2 -173.6 mJ/m2 
50/70V + 2.5% SBS -104.6 mJ/m2 -176.7 mJ/m2 
50/70V + 5.0% SBS -99.7 mJ/m2 -173.9 mJ/m2 
50/70V + 7.5% SBS -102.4 mJ/m2 -175.7 mJ/m2 
50/70R -105.9 mJ/m2 -169.2 mJ/m2 
50/70R + 5.0% SBS -116.0 mJ/m2 -184.0 mJ/m2 
50/70ME -99.0 mJ/m2 -164.8 mJ/m2 
50/70ME + 5.0% SBS -116.0 mJ/m2 -183.0 mJ/m2 
Table 6-4 : Adhesive Bond Energy in the presence of water 
The energy ratio between the dry and wet adhesive bond energies, ER, was 
proposed by Bhasin et al. (2006) as a measure of moisture damage potential, with ER 
calculated for the binders and aggregates as shown in Table 6-5 
𝑬𝑹 = |
𝚫𝑾𝒂𝒅𝒉𝒆𝒔𝒊𝒗𝒆
𝚫𝑾𝑨𝑩𝑾
|         Equation 6-12 
  
 154 
 
Binder Limestone Gritstone 
50/70V 1.25 0.52 
50/70V + 2.5% SBS 1.03 0.45 
50/70V + 5.0% SBS 1.14 0.47 
50/70V + 7.5% SBS 1.09 0.47 
50/70R 0.99 0.51 
50/70R + 5.0% SBS 0.88 0.42 
50/70ME 1.10 0.53 
50/70ME + 5.0% SBS 0.82 0.39 
Table 6-5 : Dry/wet bond energy ratios 
A higher value of ER implies improved resistance to moisture, and a value of 0.8 
has been proposed to distinguish good performing combinations from poor ones 
(Bhasin et al. 2006).  The calculated values show that the limestone should have a far 
better resistance to moisture than the gritstone for all binders.  This is intuitively 
correct as experience has shown that limestone has superior moisture resistance 
than more acidic aggregate sources.  It is also interesting to note that there are only 
small differences in ER between the difference binders.  Whilst the addition of 
polymers is not routinely employed to improve water sensitivity some studies have 
shown that polymer modification does have a positive effect (Kok and Yilmaz 2009, 
Moraes, Velasquez and Bahia 2011, Cui et al 2014).  The results of this study suggest 
that any improvements are not a direct result of the surface energy of the binder, but 
rather it is the higher viscosity of polymer modified binders that reduces the mobility 
of the binder at ambient temperatures. 
6.7 Practical Work of Adhesion 
The viscoelastic properties of bitumen mean that whilst SFE measurements allow 
ΔWadhesive to be calculated from a purely thermodynamic perspective, the physically 
measured practical work of adhesion, ΔWpractical, includes other aspects such as 
 155 
 
mechanical interlock at the aggregate-binder interface, ductile flow, and cohesive 
failure energy within the binder. 
Marek and Herrin (1968) provided the first experimental evidence relating binder 
film thickness to its tensile strength and the mode of failure.  At low film thickness 
the binder undergoes adhesive failure, with mixed mode failure as the film thickness 
increases, and eventually to a completely cohesive failure at thicker film thicknesses.  
The relationship between film thickness and failure mode was calculated by Lytton 
(2005) using micromechanics, as shown in Figure 6-10, and predicted that the 
transition from adhesive to cohesive failure occurs at a film thickness of less than 100 
μm. 
   
Figure 6-10 : Calculated Tensile Strength versus Asphalt Film Thickness (Constant Stress 
Conditions Assumed) (Lytton 2005) 
A number of tests have been developed to measure the practical work of 
adhesion with the more common methods summarised below. 
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6.7.1 Pneumatic Adhesion Tensile Test Instrument 
At typical service temperatures bitumen exhibits ductile flow when a load is 
applied prior to its failure.  To reduce the impact of ductile flow on adhesion 
measurements very high strain rates are commonly used to produce a brittle failure 
mode as a consequence of the time-temperature equivalence properties of bitumen.  
Whilst time-temperature superposition is only valid in the linear regime researchers 
have shown that the principle may be extended into higher strain rate regimes 
(Vananroye et al. 2011 ) 
The blister test (Dannenberg 1961, Williams 1969) was developed to assess the 
adhesion of organic coatings to metallic substrates, and has become one of the 
standard adhesion tests used in the coatings industry (EN ISO 4624, BSI 2003).  This 
test was adapted to assess the adhesive bond strength between bitumen and 
aggregate by Kanitpong and Bahia (2003, 2005) as the Pneumatic Adhesion Tensile 
Test Instrument (PATTI) and has continued to be developed (Moraes, Velasquez and 
Bahia 2011) as shown in Figure 6-11 and Figure 6-12. 
 
Figure 6-11 : Schematic of PATTI 
Stub 
 
Air pressure 
 
 
Force 
Binder Film 
  
  
Aggregate substrate 
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Figure 6-12 : PATTI device with pull off stub and aggregate substrate (Source: Moraes 
et al. 2011) 
The pull-out stub is coated with bitumen, applied to the aggregate substrate, and 
conditioned for 24 hours prior before testing.  The adhesion tester assembly is then 
placed over the stub and air pressure applied to the system which is increased until 
failure occurs due to either adhesive failure of the binder to the substrate, or cohesive 
failure within the binder.  The failure pressure can then be used to calculate the pull-
off tensile strength. 
One advantage of the PATTI procedure is that the stub-bitumen-aggregate 
assemblies can be easily subjected to a range of environmental conditions, and has 
been used to assess the effect of moisture on the bond strength (Moraes, Velasquez 
and Bahia 2011).  It does, however, use relatively thick bitumen films of typically 
between 200 and 800 μm depending on the design of the stub which is unrealistic 
compared to those found in asphalt mixtures.  The original PATTI has been modified 
to include a measure of vertical displacement during the test (Merusi et al. 2013) to 
allow a calculation of the adhesion energy. 
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6.7.2 Peel tests 
Within the coatings and adhesives industries a wide range of standard tests have 
been developed with the most common peel tests being the fixed arm and T-peel 
tests, as shown in Figure 6-13.  In the fixed arm peel test a film is adhesively bonded 
to a substrate and the film pulled at a fixed angle, usually 90° or 180°, at a specified 
rate with the loading force recorded.  The T-peel test is similar but employs two films 
adhesively bonded together with the end of one film held in a fixed position whilst 
the other is pulled 180° away. 
 
Figure 6-13 : Fixed arm (left) and T-peel (right) test methods 
Horgnies et al. (2011) used the fixed arm test to assess bitumen’s bond to 
dolomite and granite substrates and found cohesive failure with dolomite aggregate 
but adhesive failure with granite.  Cui et al. (2014) adapted the fixed arm test to 
assess the bond strength of 40/60 penetration grade bitumen to four different classes 
of aggregate substrates.  Bitumen was poured onto aggregate substrates to create a 
250 μm film using stainless steel wire spacers to maintain the film thickness.  A heated 
aluminium peel arm was then bonded to the bitumen surface and the assembly 
conditioned overnight at 20°C.  Fixed arm peel tests were then carried out with a 
crosshead speed of 10mm/min and for all substrates the failure occurred cohesively.  
One SBS modified binder, of unspecified composition, was also assessed and whilst 
the failure was also cohesive presented over double the fracture energy of the 40/60.  
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Further tests were carried out on specimens immersed in water for 3 and 7 days 
where it was found that the fracture energy dropped significantly and the failure 
mechanism changed to adhesive failure with the 40/60 bitumen, whereas with the 
PmB the failure mode remained cohesive with only a small decrease in fracture 
energy. 
6.7.3 Direct tension tests 
The use of a servo-mechanical or hydraulic test frame to determine the bond 
strength in direct tension between two aggregate specimens bonded with bitumen is 
intuitively a simple method to measure the bond energy as both load and 
displacement are measured.  However, due to the practical difficulties in producing 
specimens and performing the tests, it has only recently gained significant research 
interest. 
Jakarni (2012) produced aggregate cores 25mm in diameter by 8mm high which 
where bonded with bitumen inside a mounting press, using a wide range of binder 
film thicknesses from 50 to 1000 μm assessed and loading rates of 20mm/min at 25°C 
used.  As the binder thickness increased a transition from adhesive to cohesive failure 
was observed.  However, as the aggregate discs were cut from a larger length of 
aggregate the surface roughness of each discs was not clearly specified, and precise 
knowledge of the binder film thickness across the width of the disc uncertain. 
Grönniger and Wistuba (2013) drilled 13mm diameter cores from large quarry 
rocks to obtain long cylinders of aggregates between 60 and 100mm in length.  These 
were fractured by applying a load at 50mm/min to the centre of the long core to 
produce a fracture surface.  To produce bonded specimens the fractured ends were 
heated to 120°C with a heat gun, immersed by hand into hot bitumen, and then 
bonded together and held with a screw clamp for 6 hours.  The bonded specimens 
were then tested at 1.5mm/min and their tensile strength determined.  Whilst this 
method produced a matched aggregate fracture surface the binder film thickness was 
uncontrolled and the loading rate used was comparatively slow. 
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Howson et al. (2012) cored 19.1mm diameter specimens from limestone and 
andesite quarry rocks.  These were cut to 10mm stubs and polished with 6μm 
aluminium oxide powder to produce a consistent aggregate surface.  A DSR was used 
to produce bonded specimens with film thicknesses from 5 to 100μm using three 
different unmodified PG64-22 grade binders, which would be roughly equivalent to 
a European 50/70 penetration grade.  The bonded specimens were then tested in 
direct tension with at 23°C with a loading rate of 0.01mm/sec, and additionally one 
binder was used to test at 10°C and 36°C and with loading rates of 0.005mm/sec and 
0.02mm/sec.  The authors found that the practical work of adhesion increased with 
loading rate and decreasing temperature, but that in all cases the energy was 
significantly higher than that predicted from surface energy measurements.  Al-
Haddad and Khalid (2015) followed a similar procedure and took nominally 12mm 
diameter cores from quarry rocks, and produced aggregate stubs with polished ends.  
A DSR was again used to prepare specimens with binder film thickness from 10 to 100 
μm.  Deformation rates of 30, 60 and 120mm/min were used at 10 and 20°C and the 
failure energy calculated.  These studies demonstrated that production of a 
controlled binder film thickness specimen was practical, and a similar method was 
therefore developed to produce specimens for analysis. 
6.8 Specimen Preparation 
To produce specimens for adhesion testing large aggregate quarry rocks were 
obtained from Bayston Hill (gritstone) and Pant (limestone) quarries.  From these 
rocks nominally 12mm diameter cores were drilled out as shown in Figure 6-14.  The 
diameter of the cores was measured after drilling with a micrometer and in fact found 
to be 12.2mm. 
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Figure 6-14 : Coring from a large quarry rock 
The long cores of rock were then roughly cut into small stubs approximately 
20mm in length using a diamond tipped tile cutter.  As the stubs would ultimately be 
bound to one another it was crucial that faces of the stubs were as perpendicular as 
possible to the sides of the stub.  Furthermore, the influence of mechanical interlock 
on the adhesive bond strength would be minimised by using polished faces. 
To achieve this, a parallel polishing tool was manufactured by drilling a hole in a 
solid aluminium disc with the same diameter as the stubs, and gluing small pieces of 
sapphire sheet to the disc’s base to ensure the aluminium was not damaged during 
polishing.  Each aggregate stub was then wet polished with successfully finer grit 
paper down to a 600 grit finish as shown in Figure 6-15 to produce a sub-micron 
surface roughness.  Finally, each stub was washed in distilled water and dried 
overnight at 110°C with completed stubs shown in Figure 6-16.  Approximately 60 
stubs of each aggregate type were produced to enable the test programme to be 
completed. 
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Figure 6-15 : Wet parallel polishing an aggregate stub 
 
Figure 6-16 : Polished aggregate stubs of gritstone (left) and limestone (right) 
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The DSR crosshead can be vertically positioned with micron accuracy and has 
heating elements both top and bottom, so was ideally suited to the production of 
binder/aggregate bonded test specimens.  Aggregate stubs were fixed in the holders 
previously used for small asphalt specimen testing and heated to 150°C.  The gap 
between the stubs was zeroed and by repeatedly rotating the top stub and checking 
the zero position it was found that the side to side run-off was typically 5 to 10 μm.  
Previous authors (Howson et al. 2012, Al-Haddad and Khalid 2015) using similar 
preparation methods produced bonded specimens with film thicknesses as low as 10 
μm, but with the observed run-off it was concluded that the minimum bitumen film 
thickness that could reliably be used was taken as 100 μm.  Ideally a lower binder film 
thickness would have been used to more closely replicate those found in asphalt, so 
to compensate it was proposed that the highest practically achievable strain rate 
tests would be used during adhesion testing with the aim of generating an adhesive 
rather than cohesive failure. 
To produce the bonded specimen a drop of hot bitumen at 150°C was transferred 
to the bottom heated aggregate stub using a heated glass rod and the top stub 
lowered onto the bitumen drop until the gap was fully filled.  The assembly was then 
cooled in 20°C steps with the gap also being reduced at each stage to maintain a fully 
filled gap.  Whilst it was expected that the bitumen would reduce in volume by 
around 7% due to the drop in temperature as the bitumen density increased, a far 
larger reduction in volume was observed.  This was believed to be due to absorption 
into the aggregate surface, and further validates the importance of using heated 
aggregate stubs to more closely simulate full scale plant mixing. 
Finally the temperature was reduced to 20°C and the gap reduced to 100 μm.  Any 
excess bitumen was then trimmed away to leave the finished specimen as shown in 
Figure 6-17. 
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Figure 6-17 : Aggregate/bitumen assembly in preparation on the DSR 
6.9 Split Hopkinson Pressure Bar Testing 
To reduce the influence of ductile flow on the results the highest possible strain 
rates should be used to produce a brittle adhesive failure of the binder-aggregate 
bond.  One experimental procedure where stress and strain may both be dynamically 
recorded at very high strain rates, of the order of 103 s-1, is the split-Hopkinson 
pressure bar (SHPB) technique.  The initial experiments in the development of the 
SHPB were carried out by Hopkinson (1914) who induced pressure waves into long 
elastic metal bars and studied the stress pulses propagating along the rods over time.  
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Following this work the equipment used to study dynamic processes in materials 
using elastic stress-waves in long rods became known as Hopkinson pressure bars.  
Davis (1948) sandwiched a sample between two Hopkinson bars in series which 
allowed the dynamic stress-strain behaviour of the sample to be recorded, with later 
developments allowing testing in torsion and tension. 
To assess the bond between bitumen and aggregate the most appropriate mode 
of testing was determined to be in tension.  Yokoyama (2003) successfully used the 
tension SHPB to determine the tensile strength and energy absorption of 
cyanoacrylate adhesive butt joints.  Tekalur et al. (2009) used the SHPB to determine 
the tensile and compressive strength of Marshall sized asphalt specimens and 
compared the results to traditional quasi-static testing and showed that using the 
high strain rate SHPB the compressive strength was increased by 5 times, and the 
tensile strength by 1.5 times. 
A schematic of a typical tension SHPB is shown in Figure 6-18, with the University 
of Liverpool tension SHPB shown in Figure 6-19. 
 
Figure 6-18 : Schematic of tension SHPB 
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Input Bar Output bar 
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 166 
 
 
Figure 6-19 : University of Liverpool tension SHPB 
The test specimen is held between the input and output bars with strain gauges 
attached to each of the bars.  A projectile mass is fired from a pressurised chamber 
towards the far end of the bar where it impacts the reactive mass causing a tensile 
stress wave to be created in the input bar.  This travels along the input bar where the 
energy is partly absorbed by the specimen, partly reflected back along the input bar, 
and the remainder travelling into the output bar.  The strain gauges attached to the 
bars record the strain waves passing through the input and output bars.  One 
dimensional wave analysis is performed on the strain signals allowing the 
determination of the full stress-strain behaviour of the specimen. 
Stainless steel specimen holders were manufactured to fit the existing University 
of Liverpool SHPB and the aggregate/binder stubs glued into the holders using epoxy 
resin.  The adhesive was allowed to cure for 24 hours whilst the specimens were 
conditioned at a further 20°C for a minimum of 4 hours prior to testing.  The 
 167 
 
specimens were then fixed into the SHPB, as shown schematically in Figure 6-20, and 
tested immediately. 
 
Figure 6-20 : Schematic of aggregate/binder specimen mounted in the SHPB 
Following the test it was found that although the binder/aggregate bond failed 
adhesively, the retaining lug on the specimen holder also fractured as seen in Figure 
6-21.  The test was repeated three times with the same outcome.  Additional 
specimen holders were manufactured using hardened steel, but during SHPB testing 
the same problem occurred. 
To resolve the problem would require completely new Hopkinson bars with 
alternative specimen mounting points to be designed and manufactured, along with 
more robust specimen holders.  This was not possible to achieve during this research, 
but should be considered by future researchers. 
Strain gauges to 
oscilloscope 
Incident Bar Transmitter Bar 
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Figure 6-21 : Failed specimen holder after SHPB test 
6.10 Pull Off Tests 
As an alternative method a pull off test using a more traditional 
electromechanical universal testing machine fitted with a 5kN load cell was employed 
as shown in Figure 6-22.  The specimen holders produced for the SHPB were found 
to be compatible with the testing machine and therefore the specimen 
manufacturing procedure already detailed could also be used with this device. 
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Figure 6-22 : Electromechanical universal test machine 
As discussed, a high strain rate should be used to produce an adhesive failure and 
therefore a crosshead speed of 100mm/min was used. Specimens were again 
conditioned at 20°C for a minimum of 4 hours before being immediately tested in 
tension.  Load and vertical displacement were recorded on a connected PC as shown 
in Figure 6-23.  The evolution of each test was also optically recorded via an attached 
digital video camera as shown in Figure 6-24.  For each of the binder-aggregate 
combinations produced three replicate tests were performed. 
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Figure 6-23 : Typical load-displacement curve produced during pull off test 
 
Figure 6-24 : Video capture of pull off testing 
Following each test the failed specimen faces were photographed, as shown in 
Figure 6-25, with the mode of failure assessed as either adhesive, cohesive, or mixed 
mode as detailed in Table 6-6. 
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Binder Limestone stub Gritstone stub 
50/70 Venezuelan Adhesive Adhesive 
50/70 Venezuelan + 
2.5% SBS Polymer 
Adhesive Adhesive 
50/70 Venezuelan + 
5.0% SBS Polymer 
Mixed adhesive / cohesive Cohesive 
50/70 Venezuelan + 
7.5% SBS Polymer 
Mixed adhesive / cohesive Cohesive 
50/70 Russian Adhesive Adhesive 
50/70 Russian + 5.0% 
SBS Polymer 
Adhesive Adhesive 
50/70 Middle Eastern Adhesive Adhesive 
50/70 Middle Eastern 
+5.0% SBS Polymer 
Adhesive Adhesive 
Table 6-6 : Summary of specimen bond failure type 
 
Figure 6-25 : Visual analysis of typical specimen post-test 
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As anticipated, by using a relatively high strain rate the failure was completely 
adhesive for all the penetration grade binders.  However, the more highly polymer 
modified Venezuelan binders did produce mixed mode and cohesive failures.  Whilst, 
from practical experience, it may be anticipated that a PmB may lead to a cohesive 
failure this is not the result predicted by the theoretical work of adhesion.  It was 
therefore clear that additional energy dissipation processes must be occurring within 
the binder film leading to the change from adhesive to cohesive failure.  
In contrast to the aborted SHPB tests no damage occurred to the specimen 
holders indicating that the holders were structurally sound and that during the very 
high strain rate SHPB tests the tensile strength of the binder exceeded the tensile 
strength of the stainless steel lugs. 
The peak load at failure was used to calculate the stress at maximum load and the 
average results for each aggregate-binder combination shown in Figure 6-26. 
 
Figure 6-26 : Pull off test average stresses at maximum load 
The area under the load-displacement curve was used to calculate ΔWpractical per 
m2 as shown in Figure 6-27. 
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Figure 6-27 : Pull off test average practical work of fracture 
Surprisingly the results indicated very little difference between either the 
aggregate type or binder composition.  The strong correlation between binder 
rheology and asphalt modulus has long been recognised and numerous models to 
predict asphalt behaviour from binder properties have been proposed (Hirsch 1962, 
Witczak and Fonseca 1996, Francken and Vanelstraete 1995, Vanelstraete, Francken 
and Reynaert 1996, Christensen, Pellien and Bonaquist 2003).  Whilst aggregate 
packing, binder content and void content influence the modulus of a particular mix 
design, in its simplest terms the asphalt modulus is a multiple of the binder modulus.  
It was, therefore, rational to assume that the measured fracture energy in a bulk 
asphalt fracture test would be related to the fracture energy between the idealised 
binder-aggregate specimens tested in this study.  The results in SCB tests in Chapter 
4 demonstrate that the modified binders produce significantly higher asphalt fracture 
energies than the unmodified asphalts.  However, this trend was not repeated in the 
binder-aggregate pull off tests and there were no obvious trends between the 
ΔWpractical and the composition of the aggregate-binder stub despite the very 
significant differences in binder properties and aggregate types.  Canestrari et al. 
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(2014) used the PATTI test to determine the pull off test strength of three PmBs 
containing 1.8, 2.8 and 3.8% SBS on basalt and limestone aggregates, and also found 
no clear trends between the level of polymer modification and the bond strength.  
These results suggest that the improved fracture resistance of asphalt containing 
PmBs in the field and as measured in Chapter 4 is not closely related to the high strain 
rate failure of the aggregate-binder bond. 
6.10.1 Comparison of theoretical and practical work of adhesion 
The ratio between ΔWpractical and ΔWadhesive was calculated as shown in Table 6-7. 
Binder Ratio of practical work of fracture to theoretical work of 
adhesion (rounded to 2 significant figures) 
 Limestone Gritstone 
50/70 Venezuelan 6200 12000 
50/70 Venezuelan + 2.5% 
SBS Polymer 8500 13000 
50/70 Venezuelan + 5.0% 
SBS Polymer 5100 16000 
50/70 Venezuelan + 7.5% 
SBS Polymer 7700 63008 
50/70 Russian 11000 7400 
50/70 Russian + 5.0% SBS 
Polymer 8200 9800 
50/70 Middle Eastern 8200 5600 
50/70 Middle Eastern 
+5.0% SBS Polymer 11000 11000 
Table 6-7 : Ratio of practical work of fracture to theoretical work of adhesion 
If the practical adhesive bond was only due to the thermodynamic ΔWadhesive then 
ΔWpractical would equal ΔWadhesive.  However, these results indicate that ΔWpractical is 
approximately 10,000 times ΔWadhesive.  Kringos, Scarpas and de Bondt (2008) 
measured the bond strength between aggregate and mastic using a direct tensile test 
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and also found that ΔWpractical was approximately 10,000 times ΔWadhesive determined 
from surface energy measurements.  As the total energy in the system must be 
conserved during the debonding process ΔWpractical must, therefore, include 
additional factors to accommodate losses. 
This finding is not unique to asphalt but is in fact well known in the field of 
adhesives.  Pressure Sensitive Adhesives (PSAs) are similar to bitumen in that they 
are viscoelastic thermorheologically simple materials that are usually used at 
ambient temperatures.  Kowalski, Czech and Byczynski (2013) measured ΔWpractical 
and theoretical ΔWadhesive of a PSA tape against a range of substrates and found the 
ΔWpractical was between 5000 and 12000 times ΔWadhesive. 
The first efforts to quantify this effect were made in the 1970’s.  Gent and Kinloch 
(1971) studied the bond between a crosslinked styrene-butadiene rubber and a 
poly(ethylene terephthalate) substrate.  At very low strain rates ΔWpractical was found 
to approach ΔWadhesive.  Whilst still higher than ΔWadhesive this value was referred to 
as the intrinsic or threshold value of adhesion ΔWthreshold, with the difference between 
ΔWadhesive and ΔWthreshold attributed to additional contributions from mechanical 
interlock and chemical bonding.  At higher strain rates ΔWpractical was orders of 
magnitude higher than ΔWadhesive and ΔWthreshold, and the difference attributed to 
energy dissipation due to material deformations. 
Gent and Schultz (1972) performed peel experiments between lightly crosslinked 
rubbers and a poly(ethylene terephthalate) substrate in the presence of a range of 
alcohol and alcohol/water mixtures.  They found that ΔWpractical was significantly 
higher than ΔWadhesive but that the two were linked by a simple numerical factor.  
However, that factor was found to be strongly dependent on the temperature and 
peel rate. 
Penn and Defex (2002) found that for a simple elastic brittle adhesive an 
exponential relationship existed between ΔWadhesive and ΔWpractical.  However, for 
more complex viscoelastic adhesives significant plastic deformation occurs within the 
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adhesive layers, and the effects depend on temperature, strain rate, and the 
micromechanical properties of the substrate (Kim and Kim 1998, Xu, Hui and Kramer 
1992, Shull et al. 1998, Masson and Lacasse 2000, Penn and Defex 2002, Seshadri et 
al. 2007). 
Whilst individual studies have proposed models relating ΔWadhesive and ΔWpractical, 
they are typically empirical multiplicative dependencies of the form 
𝚫𝑾𝒑𝒓𝒂𝒄𝒕𝒊𝒄𝒂𝒍 = 𝚫𝑾𝒕𝒉𝒓𝒆𝒔𝒉𝒐𝒍𝒅(𝟏 + 𝒇(𝑻, ?̇?)𝜻)    Equation 6-13 
where T is temperature, ȧ is the crack speed, ζ is a multiplicative factor and 
𝚫𝑾𝒕𝒉𝒓𝒆𝒔𝒉𝒐𝒍𝒅 = 𝒇(𝚫𝑾𝒂𝒅𝒉𝒆𝒔𝒊𝒗𝒆, 𝚫𝑾𝒎𝒆𝒄𝒉𝒂𝒏𝒊𝒄𝒂𝒍 𝒊𝒏𝒕𝒆𝒓𝒍𝒐𝒄𝒌, 𝚫𝑾𝒄𝒉𝒆𝒎𝒊𝒄𝒂𝒍 𝒃𝒐𝒏𝒅𝒊𝒏𝒈) 
         Equation 6-14 
As a result of these complex relationships it is not straightforward to relate 
ΔWadhesive to the results from practical experiments for time and temperature 
dependent viscoelastic materials, and Figure 6-28 demonstrates the typical 
relationships between the parameters. 
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Figure 6-28 : Schematic of practical, threshold, and thermodynamic adhesive bond 
energy for a viscoelastic material (adapted from Dillard 2010) 
At ambient temperatures and moderate strain rates the measured ΔWpractical will 
lie at some point along the curve.  Whilst this result may be practically useful, without 
a priori knowledge of the shape of the curve it cannot be related to either ΔWthreshold 
or ΔWadhesive.  Therefore, the target of experimental tests should be to test at the 
extreme left or right of the curve where the time and temperature dependence is 
minimised. 
Measurements of bitumen-aggregate bond energy using very low displacement 
rates at ambient temperatures are not practical as the bitumen undergoes significant 
plastic flow.  Al-Qadi, Fini and Dessouky (2006) studied the low temperature adhesion 
between crack sealants and limestone and quartzite aggregates and found limited 
ΔWpractical 
ΔWthreshold 
Rate 
Temperature 
Debonding energy 
ΔWadhesive 
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evidence of an exponential relationship between ΔWadhesive and ΔWpractical.  Also, 
whilst the fracture toughness of both unmodified binders and PmBs has been 
measured at low temperatures (Chailleux et al. 2012, Bueno, Hugener and Partl 2013) 
the difficulty in obtaining reproducible results has limited this approach. 
At higher than ambient temperatures bitumen becomes a viscous liquid 
rendering adhesive bond energy measurements meaningless.  Therefore, the only 
remaining alternative is to employ high strain rates.  However, the results of this 
research suggests that at ambient temperatures even at these high strain rates 
ΔWpractical does not relate in a simple manner to ΔWadhesive, although higher test strain 
rates, such as those attainable using the SHPB, may provide a closer correlation. 
6.11 Concluding Remarks 
In this chapter, a laboratory procedure was successfully developed enabling the 
practical work of fracture at relatively high strain rates to be determined between 
bitumen and aggregate.  Surprisingly, the results showed remarkably little variation 
between the different binder and aggregate types.  The Split Hopkinson Pressure Bar 
was also identified as a device capable of measuring stress-strain characteristics of 
adhesive bonds at very high strain rates and its use for determining bitumen-
aggregate bond strength should be considered by future researchers. 
The theoretical work of fracture was calculated from surface energy 
measurements and found to be four orders of magnitude smaller than the practical 
work of fracture.  No clear trends were observed between the practical work of 
fracture, the theoretical work of fracture or the binder composition.  Whilst surface 
energy measurements have proven useful in determining asphalt water sensitivity 
the realistic fracture performance of asphalt under dry conditions cannot be 
accurately predicted using either surface energy techniques or high strain rate 
binder-aggregate adhesive fracture measurements. 
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7 CONTINUUM DAMAGE MECHANICS ANALYSIS OF 
BITUMEN AND ASPHALT FATIGUE†† 
Repeated cyclic loading of a material produces localised and progressive 
structural damage resulting in a weakening of its load bearing capacity, and 
ultimately structural failure.  Asphaltic pavements are damaged through a 
combination of repeated traffic loading and unloading, and induced thermal stresses 
resulting from changes in climatic conditions which over a period of years leads to 
fatigue failure of the pavement structure. 
In this chapter laboratory fatigue studies of polymer modified bitumens and 
asphalts were carried out using classical testing geometries and small specimen sizes.  
The fatigue data was analysed using traditional methods and accelerated procedures 
employing viscoelastic continuum damage theory, and the relative merits of the 
approaches discussed. 
7.1 Continuum Damage Mechanics Fatigue 
The classical approach to characterising fatigue damage and crack propagation in 
terms of the Paris Law was previously discussed in Chapter 4.  However, this 
traditional approach to assessing damage growth requires many specimens to be 
analysed over a range of applied stresses and strains to develop fatigue life 
predictions.  Fatigue testing may be undertaken on full asphalt mixtures, fine 
                                                     
†† This chapter includes results originally published in Lancaster I.M., and H. Al-
Khalid, (2015) “Viscoelastic and Damage Characterization of Polymer Modified 
Bitumen from Different Origins” 3rd Meeting and Technical Conference of the Middle 
East Society of Asphalt Technologists, American University of Sharjah, United Arab 
Emirates pp. 54 -63 (doi: 10.1201/b18538-5), reproduced by permission. 
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aggregate mixtures, mastics or binders, but in all cases for tests employing low 
stresses and strains each specimen may take many days or even weeks to fail. 
When work is applied to an elastic body at constant temperature there is an 
increase in the strain energy stored within the body.  If, however, the work produces 
damage in the body a proportion of the strain energy is consumed, and the damage 
may be characterised as a function of internal state variables.  Schapery (1990) 
developed a generalised work potential theory of damage growth in elastic materials 
employing internal state variables. 
As discussed in Chapter 4, Schapery (1984) showed how correspondence 
principles may be used to replace stresses and strains with pseudostresses and 
pseudostrains to reduce a time dependent viscoelastic problem to a linearly elastic 
one.  In this approach the pseudostrain, γR, was shown to be 
𝜸𝑹 =
𝟏
𝑬𝑹
∫ 𝑫(𝒕 − 𝝉)
𝝏𝜸
𝝏𝝉
𝒅𝝉
𝒕
𝟎
     Equation 7-1 
where ER is a reference modulus (usually taken as unity), D(t) is the linear 
viscoelastic relaxation modulus, t is time, and τ is the time variable of integration. 
Schapery developed the constitutive equations for the time dependent damage 
growth in terms of a pseudostrain energy density function, WR, and internal state 
variables representing damage, Sm.  Kim, Lee and Lee (1995) introduced pseudo-
stiffness, C, to characterise damage and in the simplest interpretation the 
pseudostiffness is a function of a single internal state variable, S, and the equations 
are 
𝝈 =
𝝏𝑾𝑹
𝝏𝜸𝑹
= 𝑰𝑪(𝑺)𝜺𝑹      Equation 7-2 
Where I is a normalising initial value used to eliminate sample to sample 
variability equal to |E*|N=1/|E*|LVE, |E*|N=1 is the dynamic modulus at the first cycle 
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and |E*|LVE is the linear viscoelastic dynamic modulus of the undamaged material 
and 
𝒅𝑺
𝒅𝒕
= (−
𝝏𝑾𝑹
𝝏𝑺
)
𝜶
       Equation 7-3 
Where α is a material constant related to the rate of damage growth. 
It should be noted that the units for S are [Nm-2]α/( α+1)[s]1/( α+1) and therefore direct 
physical interpretation of S is not readily possible.  If the material’s fracture energy 
and the fracture stress are constant then α = 1 + 1/m, where m is the maximum slope 
of the log of the relaxation modulus versus log time.  This form of α is suggested as 
most suitable for strain controlled tests whilst for a stress controlled test α = 1/m is 
used. 
In the special case of cyclic testing with constant frequency and ER=1 Equation 7-
1 reduces to  
𝜸𝑵
𝑹 = |𝑬∗|𝑳𝑽𝑬𝜸𝑵
𝟎        Equation 7-4 
Where, γ0N is the peak strain in the Nth cycle. 
By combining Equations 7-2 and 7-4 the pseudostiffness C at the Nth cycle can be 
shown to be 
𝑪 =
𝝈𝟎
𝑵
𝑰|𝑬∗|𝑳𝑽𝑬𝜸𝟎
𝑵 =
|𝑬∗|𝑵
𝑰|𝑬∗|𝑳𝑽𝑬
=
|𝑬∗|𝑵
𝑰|𝑬∗|𝑳𝑽𝑬
=
|𝑬∗|𝑵
|𝑬∗|𝑵=𝟏
   Equation 7-5 
Where |E*|N is the dynamic modulus at the Nth cycle 
Equations 7-2 may be integrated and combined with Equation 7-3 as 
 
𝒅𝑺
𝒅𝒕
= (−
𝑰
𝟐
𝝏𝑪(𝑺)𝜸𝑹
𝟐
𝝏𝑺
)
𝜶
      Equation 7-6 
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Lee (1996) showed how by application of the chain rule 
dS
dt
dt
dC
dS
dC
 a discrete 
determination of S may be derived as follows 
𝒅𝑺
𝒅𝒕
= (−
𝑰
𝟐
𝒅𝑪
𝒅𝒕
𝒅𝒕
𝒅𝑺
𝜸𝑹
𝟐
)
𝜶
      Equation 7-7 
𝒅𝑺
𝒅𝒕
= (−
𝑰
𝟐
𝒅𝑪
𝒅𝒕
𝜸𝑹
𝟐
)
𝜶
(
𝒅𝑺
𝒅𝒕
)
−𝜶
     Equation 7-8 
(
𝒅𝑺
𝒅𝒕
)
𝟏+𝜶
= (−
𝑰
𝟐
𝒅𝑪
𝒅𝒕
𝜸𝑹
𝟐
)
𝜶
      Equation 7-9 
𝒅𝑺
𝒅𝒕
= (−
𝑰
𝟐
𝒅𝑪
𝒅𝒕
𝜸𝑹
𝟐
)
𝜶
𝟏+𝜶
      Equation 7-10 
Further use of the chain rules
dt
dN
dN
dC
dt
dC
  and 
dt
dN
dN
dS
dt
dS
  leads to  
𝒅𝑵
𝒅𝒕
𝒅𝑺
𝒅𝑵
= (−
𝑰
𝟐
𝒅𝑪
𝒅𝑵
𝒅𝑵
𝒅𝒕
𝜸𝑹
𝟐
)
𝜶
𝟏+𝜶
     Equation 7-11 
Recalling that for a cyclic test at a frequency f 
𝒅𝑵
𝒅𝒕
= 𝒇        Equation 7-12 
Therefore 
𝒇
𝒅𝑺
𝒅𝑵
= (−
𝑰
𝟐
𝒅𝑪
𝒅𝑵
𝒇𝜸𝑹
𝟐
)
𝜶
𝟏+𝜶
      Equation 7-13 
At the peak of each cycle the damage parameter S may be evaluated in discrete 
form as 
(
𝒇
𝚫𝑵
) (𝑺𝑵+𝚫𝑵 − 𝑺𝑵) = (−
𝑰
𝟐
𝒇
𝚫𝑵
𝜸𝑹
𝟐
(𝑪𝑵+𝚫𝑵 − 𝑪𝑵))
𝜶
𝟏+𝜶
  Equation 7-14 
Which can be rearranged to 
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𝑺𝑵+𝚫𝑵 − 𝑺𝑵 = (
𝒇
𝚫𝑵
)
−𝟏
(−
𝑰
𝟐
𝒇
𝚫𝑵
𝜸𝑹
𝟐
(𝑪𝑵+𝚫𝑵 − 𝑪𝑵))
𝜶
𝟏+𝜶
  Equation 7-15 
𝑺𝑵+𝚫𝑵 − 𝑺𝑵 = (
𝒇
𝚫𝑵
)
−𝟏
𝟏+𝜶
(−
𝑰
𝟐
𝜸𝑹
𝟐
(𝑪𝑵+𝚫𝑵 − 𝑪𝑵))
𝜶
𝟏+𝜶
  Equation 7-16 
𝑺𝑵+𝚫𝑵 − 𝑺𝑵 = (
𝚫𝑵
𝐟
)
𝟏
𝟏+𝜶
(−
𝑰
𝟐
𝜸𝑹
𝟐
(𝑪𝑵+𝚫𝑵 − 𝑪𝑵))
𝜶
𝟏+𝜶
  Equation 7-17 
Equation 7-17 may then be used to generate characteristic C versus S curves for 
the material under test. 
The theory does not itself provide a suggested form for the C-S curve and 
researchers have selected best-fit models based on their own data.  Kutay, Gibson 
and Youtcheff (2008) suggested using the exponential Equation 7-18 which has the 
advantage of ensuring that C always remains greater than zero 
𝑪 = 𝒆𝒙𝒑 (𝑪𝒂𝑺
𝑪𝒃)       Equation 7-18 
𝝏𝑪
𝝏𝑺
= 𝑪𝒂𝑪𝒃𝑺
𝑪𝒃−𝟏𝒆𝒙𝒑 (𝑪𝒂𝑺
𝑪𝒃)     Equation 7-19 
Where Ca and Cb are regression coefficients. 
Lee and Kim (1998) suggested using a power law of the form 
𝑪 = 𝟏 − 𝑪𝟏𝑺
𝑪𝟐        Equation 7-20 
𝝏𝑪
𝝏𝑺
= −𝑪𝟏𝑪𝟐𝑺
𝑪𝟐−𝟏      Equation 7-21 
Where C1 and C2 are regression coefficients. 
As a consequence of the use of pseudovariables the C-S curve produces a unique 
damage characteristic fingerprint of the material which is independent of the loading 
rate.  Therefore, damage produced with high stresses and strains produces the same 
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C-S curve as damage produced with low stresses and strains, thus and, therefore, 
negates the need to undertake low strain testing. 
A visual comparison of C-S curves from different materials provides some insight 
into the relative damage characteristics, with steeper curves indicating a more rapid 
deterioration in modulus as damage accumulates and hence a poorer fatigue lifetime.  
However, a more quantitative interpretation of the C-S curve may also be undertaken 
to calculate the number of cycles to failure for any loading condition.  Fatigue test 
results are often described by a phenomenological regression model of the form 
𝑵𝒇𝒂𝒊𝒍𝒖𝒓𝒆 = 𝑨𝜸𝟎
−𝑩       Equation 7-22 
An equation of a similar form may be derived via VECD theory by starting with 
equation 7-6 and recalling that dt=dN/f 
𝒅𝑺 = (−
𝑰
𝟐
𝝏𝑪𝜸𝑹
𝟐
𝝏𝑺
)
𝜶
𝒅𝑵
𝒇
      Equation 7-23 
Inserting Equation 7-21 
𝒅𝑺 = (
𝑰
𝟐
𝑪𝟏𝑪𝟐𝑺
𝑪𝟐−𝟏𝜸𝑹
𝟐
)
𝜶 𝒅𝑵
𝒇
     Equation 7-24 
Rearranging this to 
𝒅𝑺(𝑺𝑪𝟐−𝟏)𝜶 = (
𝑰
𝟐
𝑪𝟏𝑪𝟐𝜸
𝑹𝟐)
𝜶 𝒅𝑵
𝒇
     Equation 7-25 
Integrating between the initial cycle and failure 
∫ (𝑺𝑪𝟐−𝟏)
𝑺𝒇𝒂𝒊𝒍𝒖𝒓𝒆
𝑺𝑵=𝟏
𝜶
𝒅𝑺 = ∫ (
𝑰
𝟐
𝑪𝟏𝑪𝟐𝜸
𝑹𝟐)
𝜶𝑵𝒇𝒂𝒊𝒍𝒖𝒓𝒆
𝟏
𝒅𝑵
𝒇
  Equation 7-26 
𝑺𝒇𝒂𝒊𝒍𝒖𝒓𝒆
𝟏+(𝟏−𝑪𝟐)𝜶
𝟏+(𝟏−𝑪𝟐)𝜶
−
𝑺𝑵=𝟏
𝟏+(𝟏−𝑪𝟐)𝜶
𝟏+(𝟏−𝑪𝟐)𝜶
= (
𝑰
𝟐
𝑪𝟏𝑪𝟐𝜸
𝑹𝟐)
𝜶 𝑵𝒇𝒂𝒊𝒍𝒖𝒓𝒆−𝟏
𝒇
  Equation 7-27 
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Assuming that Sfailure>>SN=1 and Nfailure>>1 and using k=1+(1-C2)α this can be 
simplified to 
𝑺𝒇𝒂𝒊𝒍𝒖𝒓𝒆
𝒌
𝒌
=̃ (
𝑰
𝟐
𝑪𝟏𝑪𝟐𝜸
𝑹𝟐)
𝜶 𝑵𝒇𝒂𝒊𝒍𝒖𝒓𝒆
𝒇
     Equation 7-28 
Rearranging to find Nfailure 
𝑵𝒇𝒂𝒊𝒍𝒖𝒓𝒆 =̃
𝒇𝑺𝒇𝒂𝒊𝒍𝒖𝒓𝒆
𝒌
𝒌(
𝑰
𝟐
𝑪𝟏𝑪𝟐𝜸𝑹
𝟐
)
𝜶      Equation 7-29 
Recalling Equation 7-4 
𝑵𝒇𝒂𝒊𝒍𝒖𝒓𝒆 =
𝒇𝑺𝒇𝒂𝒊𝒍𝒖𝒓𝒆
𝒌
𝒌(
𝑰
𝟐
𝑪𝟏𝑪𝟐|𝑬
∗|
𝑳𝑽𝑬
𝟐
𝜸𝟎
𝟐)
𝜶 =
𝒇𝑺𝒇𝒂𝒊𝒍𝒖𝒓𝒆
𝒌
𝒌(
𝑰
𝟐
𝑪𝟏𝑪𝟐|𝑬
∗|
𝑳𝑽𝑬
𝟐
)
𝜶 𝜸𝟎
−𝟐𝜶  Equation 7-30 
As can be seen Equation 7-30 is of the same form as Equation 7-22 with 
 𝐴 =
𝑓𝑆𝑓𝑎𝑖𝑙𝑢𝑟𝑒
𝑘
𝑘(
𝐼
2
𝐶1𝐶2|𝐸∗|𝐿𝑉𝐸
2 )
𝛼 and B=2α. 
Therefore, Equation 7-30 may then be used to calculate the number of cycles to 
failure for any test conditions 
7.2 Binder Fatigue Analysis 
Within an asphalt mixture the elastic modulus of the aggregate component is 
significantly higher than that of the bituminous binder and, therefore, the vast 
majority of the fatigue strain will occur within the binder.  As already recognised, 
asphalt is a highly heterogeneous material, but as an indicator of asphalt fatigue 
performance a number of studies of the fatigue properties of the binder have been 
undertaken. 
Pell (1962) performed some of the earliest work on binder fatigue using a 
specially constructed apparatus at the University of Nottingham.  However, for many 
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subsequent years, due primarily to a lack of an accepted methodology, most research 
focussed on the bulk fatigue properties of asphalt mixtures. 
Interest in binder fatigue was renewed by the 1990’s with a range of approaches 
being employed.  Potschka and Schmid (1993) used the Fraass apparatus to 
determine binder fatigue at low temperatures whereas Anderson et al. (1994) 
employed a 4-point bending technique directly to binder samples.  More recently 
Delaporte et al. (2008) developed an annular shear rheometer to fatigue binder and 
mastic, and Chailleux et al (2009) employed a tension-compression fatigue test using 
diablo shaped binder specimens.  However, the vast majority of binder fatigue tests 
in the last two decades have been undertaken using the DSR. 
7.2.1 Binder DSR Time Sweep Fatigue 
The SHRP Performance Grade system made extensive use of the DSR for binder 
specification testing.  For the first time it introduced a maximum modulus value for 
binders after Pressure Ageing Vessel conditioning of G* x sin(δ) < 5MPa which was 
linked to binder fatigue performance (Anderson and Kennedy 1993, Bahia and 
Anderson 1995).  However, this parameter was found in practice to be an unreliable 
predictor of the pavement’s fatigue cracking performance (Deacon et al. 1997). 
Subsequent to the SHRP implementation the DSR was used to directly determine 
binder fatigue properties by applying a cyclic sinusoidal strain loading (Bahia et al. 
2001, Soenen, de la Roche and Redelius 2003) with the approach referred to as the 
Time Sweep (TS) test.  In its most usually encountered form the test utilises the 8mm 
parallel plate geometry at 10Hz loading frequency at fixed strain levels with test 
temperatures between 10 and 20°C.  The evolution of the binder’s complex modulus 
and phase angle are recorded throughout the test, and the test terminated when the 
binder physically fails or the modulus reduced to a predetermined level often taken 
as 50% of the original modulus.  Whilst the test may be performed on unaged binders 
the test is more commonly used with binders that have been subjected to RTFOT 
ageing as this simulates the state of the binder found within the pavement layer. 
 187 
 
The binders from Chapter 2, after RTFOT, were analysed using the TS approach at 
a test temperature of 20°C.  Initially a frequency sweep was performed from 0.1 to 
30Hz to characterise the linear viscoelastic properties of the binder at a strain level 
of 0.1%, followed by 60 seconds of monitoring the binder’s complex modulus at 0.1% 
strain and 10Hz to ensure the binder was in a steady state prior to fatigue testing.  
Three strain levels were applied for each binder type for the fatigue test, and at each 
strain level duplicate tests were performed.  At higher polymer modification levels 
the applied strain was increased to enable to test to be completed within a 
practicable timescale. 
Figures 7-1, 7-2, 7-3 and 7-4 show the typical responses of complex modulus and 
phase angle during the TS tests where the repeatability between the two tests at each 
strain level can be seen to be very good. 
 
Figure 7-1 : Complex modulus versus time for 50/70V (RTFOT) at 20°C, 10Hz 
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Figure 7-2 : Complex modulus versus time for 50/70V + 5% 1101 (RTFOT) at 20°C, 10Hz 
 
Figure 7-3 : Phase angle versus time for 50/70V (RTFOT) at 20°C, 10Hz 
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Figure 7-4 : Phase angle versus time for 50/70V + 5% 1101 (RTFOT) at 20°C, 10Hz 
To more easily visualise the test data a Wöhler diagram of cycles to failure against 
applied strain was constructed as shown in Figure 7-5.  A power law best fit line was 
used to determine the applied strain level corresponding to 1,000,000 cycles to 
failure.  These results are summarised in Table 7-1 
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Figure 7-5 : "Wöhler curves" for Venezuelan based binders from TS tests 
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 Time Sweep Test, Strain for 
1x106 cycles to failure 
30/45V 0.868 % 
50/70V 0.703 % 
50/70V + 2.5% 1101 1.217 % 
50/70V + 5.0% 1101 1.512 % 
50/70V + 7.5% 1101 2.304 % 
50/70ME 1.177 % 
50/70ME + 5.0% 1101 2.305 % 
50/70R 1.137 % 
50/70R + 5.0% 1101 3.774 % 
Table 7-1 : Predicted strain level in TS test for 1,000,000 cycles to failure  
As can be seen the polymer modified binders produced a significant improvement 
in fatigue resistance.  The Venezuelan binders had a poorer fatigue resistance than 
either the Russian or the Middle Eastern binders. 
7.2.1.1 Binder Viscoelastic Continuum Damage Analysis 
Whilst the TS test is intuitively simple to perform, the time to failure at lower 
strain levels can be very long, particularly with modified binders, with some tests 
taking far in excess of 24 hours to complete.  To reduce the time required VECD 
theory has been successfully applied to analyse fatigue testing of both asphalt (Kim, 
Lee and Little 1997) and binders (Wen and Bahia 2009). 
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To accurately determine m, a relaxation test should be performed on the binder.  
However, even if the applied stress is low there is potential to produce damage within 
the binder during the test.  Johnson (2010) suggested an alternative simpler, but less 
rigorous, method for the determination of m.  He demonstrated than the magnitude 
of the slope of the log-log plot of storage modulus versus frequency is approximately 
equal to m determined from the relaxation test.  Hintz et al. (2011) compared the 
value of m determined by the two methods for 8 binders and found that the 
maximum difference between the values of m determined by the two methods was 
2.24%, and was statistically insignificant.  Therefore, in this study m was determined 
from the low strain frequency sweep testing for each binder, with the average values 
reported in Table 7-2 
  m α 1/(1+ α) α/(1+ α) 
30/45V (RTFOT) 0.657 1.522 0.396 0.604 
50/70V (RTFOT) 0.715 1.398 0.417 0.583 
50/70V + 2.5% 1101 (RTFOT) 0.615 1.627 0.381 0.619 
50/70V + 5.0% 1101 (RTFOT) 0.628 1.593 0.386 0.614 
50/70V + 7.5% 1101 (RTFOT) 0.543 1.842 0.352 0.648 
50/70ME (RTFOT) 0.590 1.696 0.371 0.629 
50/70ME + 5.0% 1101 (RTFOT) 0.515 1.942 0.340 0.660 
50/70R (RTFOT) 0.560 1.786 0.359 0.641 
50/70R + 5.0% 1101 (RTFOT) 0.442 2.262 0.307 0.693 
Table 7-2 : Relaxation parameter m and α determined from frequency sweep data 
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Increasing polymer modification produced a drop in m which is intuitively correct 
as the binder becomes more elastic and recovers more rapidly.  It was also apparent 
that the Venezuelan binders had a higher value of m than the equivalent Russian and 
Middle Eastern binders. 
Equation 7-17 was then used to calculate the characteristic C-S curves for each 
binder from the TS data, with a typical curve shown in Figure 7-6.  As can be seen the 
results from each of the strain levels collapse to form a unique curve for the binder.  
To allow the C-S curves to be directly compared with the results from the later Linear 
Amplitude Sweep method the calculation was performed using strain in percent and 
complex modulus in megapascals. 
 
Figure 7-6 : 50/70 Venezuelan +5% SBS RTFOT C-S Collapse 
It can therefore be seen that only the high strain level fatigue tests are required 
to produce the binder’s C-S curve, saving significant testing time over TS testing 
alone. 
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7.2.2 Linear Amplitude Sweep Test 
By only using the higher strain TS results the full C-S curve may be generated in 
less than a working day.  However, Johnson and Bahia (2010) developed an 
accelerated procedure known as the Linear Amplitude Sweep Test (LAST) which 
employed VECD theory to produce a C-S curve in less than 30 minutes.  The test is 
performed using the standard 8mm parallel plate DSR geometry with the first step 
being to determine m from low strain frequency sweep tests as discussed earlier.  The 
binder damaging portion of the test is then undertaken which in the initial 
development of the test was 20 load steps, each of 100 cycles, starting at 1% strain 
and increasing in 1% steps to 20% strain at a frequency of 10Hz.  A later modification 
of the test by Hintz et al. (2011) increased the maximum applied strain to 30%. 
The VECD analysis of the damage is similar to that in section 7.1 but now the 
dissipated energy is taken to be 
𝑾 = 𝝅𝑰𝑫𝜸𝟎
𝟐|𝑮∗|𝒔𝒊𝒏𝜹      Equation 7-31 
This then leads to the damage parameter S(t) being calculated as 
𝑺(𝒕) =̃ ∑ [𝝅𝑰𝑫𝜸𝟎
𝟐(|𝑮∗|𝒔𝒊𝒏𝜹𝒊−𝟏 − |𝑮
∗|𝒔𝒊𝒏𝜹𝒊)]
𝜶
𝟏+𝜶𝑵
𝒊=𝟏 (𝒕𝒊 − 𝒕𝒊−𝟏)
𝟏
𝟏+𝜶 Equation 7-32 
The C-S curve is modelled using Equation 7-20 and the number of cycles to failure 
determined as 
𝑵𝒇𝒂𝒊𝒍𝒖𝒓𝒆 =
𝒇𝑺𝒇𝒂𝒊𝒍𝒖𝒓𝒆
𝒌
𝒌(𝝅𝑪𝟏𝑪𝟐|𝑮∗|𝟐)𝜶
𝜸𝟎
−𝟐𝜶     Equation 7-33 
The initial work was carried out on a research grade DSR but it was found that not 
all DSRs typically in use were capable of correctly performing the test.  During the 1% 
step change in requested strain some DSRs were unable to respond quickly enough 
producing errors in the measured response.  Hintz et al. (2013) modified the original 
method to more smoothly increase the strain in 0.1% increments up to 30% which 
resolved this problem. 
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Bahia et al. (2013) proposed a further modification to the analysis suggesting that 
the criteria for failure should be at the value of C relating to peak stress rather than 
a fixed value of C as this was found to produce an improved correlation to field fatigue 
data, with the method published as AASHTO TP 101-14 (AASHTO 2014) 
All the binders previously assessed using TS were also assessed using the LAS 
method with a typical stress sweep shown in Figure 7-7. 
 
Figure 7-7 : LAS stress sweep for 50/70V (RTFOT) at 20°C 
The data was analysed using both a 50% drop in G* sin(delta) and the damage at 
maximum peak stress criteria.  The predicted strain required to produce 1,000,000 
cycles to failure was calculated and compared to the results from the TS tests and the 
TS high strain data with VECD applied as shown in Figure 7-8. 
 196 
 
 
Figure 7-8 : Predicted strain level required to produce 1,000,000 cycles to failure 
As can be seen the methods employing VECD did not produce a one-to-one 
predictive relationship between the measured fatigue life from TS tests and the 
predicted fatigue life from VECD calculations.  However, it does allow an initial 
screening and ranking of the binder’s fatigue performance to be accomplished. 
The difference is a consequence of the VECD calculations which assume that all 
deviations from linear viscoelastic behaviour are damaging, whereas in reality a 
proportion of the binder response is actually non-linear recoverable behaviour.  
Underwood (2016) attempted to isolate the non-linear viscoelastic properties of 
binders and mastics and include it within the VECD model and found an improvement 
in the collapse of the C-S curves although comparisons of fatigue life predictions with 
and without the inclusion of non-linear effects were not presented and the testing 
was limited to one binder.  It is, however, clear than any future model should 
incorporate these effects to accurately predict fatigue behaviour when useing VECD 
based models. 
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The results from this research shows that with increasing binder polymer content 
the difference between the TS and VECD prediction increases implying that increased 
polymer content also increases the amount of non-linear recoverable response.  In 
this research as the polymer modified binders were manufactured with known 
composition this difference was clearly identifiable.  However, in typical industrial 
situations the polymer content of commercially available binders is rarely disclosed 
so care must be taken when using LAST as a pavement design input. 
7.3 Asphalt Fatigue Analysis 
Full scale asphalt fatigue analysis may be undertaken under controlled conditions 
using specially constructed pavements and dedicated equipment such as the 
Accelerated Load Testing Facility on the Laboratoire Central des Ponts et Chaussées 
(LCPC) in Nantes, France, shown in Figure 7-9.  However, due to the large amounts of 
materials and considerable time and expense necessary to run such facilities it is only 
appropriate for highly specialised applications. 
 
Figure 7-9 : Fatigue carousel at LCPC Nantes (LCPC 2007) 
More typically laboratory scale fatigue experiments are carried out although even 
then the quantities of materials involved can be substantial.  A wide range of 
laboratory techniques have been developed with the most commonly encountered 
summarised below. 
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7.3.1.1 Two point bending test on trapezoidal specimens (EN 12697-24 
Annex A) 
In this method trapezoidal shaped specimens are utilized, most usually cut from 
laboratory prepared roller compacted slabs.  The base of the specimen is fixed in 
place whereas the top is oscillated by a constant amplitude sinusoidal displacement 
as shown schematically in Figure 7-10. 
 
Figure 7-10 : Schematic of two-point bending trapezoidal test 
The reference test conditions are 25Hz at 10°C, although other temperatures and 
frequencies may be used if the equipment design permits it, with complex modulus 
and phase angle monitored through each test.  Eighteen specimen tested over a 
range of strain levels are required to produce a complete fatigue determination. 
This method is particularly popular in France where it is specified as part of the 
national design procedure for asphalt mixtures.  However, the difficulty in 
manufacturing the trapezoidal shaped specimens combined with the dedicated 
equipment necessary to perform the test has restricted its acceptance more widely.  
In the UK fatigue properties have not been included in specifications but fatigue has 
been included as an option in the design for Enrobé à Module Élevé materials as this 
mixture was originally developed in France.  However, in practice it is rarely used as 
mixtures with a binder richness modulus of greater than 3.6 are exempt from fatigue 
analysis. 
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7.3.1.2 Four-point bending test on prismatic shaped specimens (EN 12697-
24 Annex D) 
In the four point bending method long prismatic beams are analysed, and this 
method is probably the most commonly encountered asphalt fatigue method 
worldwide.  Again laboratory roller compacted slabs are initially prepared, but 
specimen preparation is far simpler than for trapezoidal specimens due to its simpler 
prismatic geometry.  The specimen is clamped in four positions with a load applied 
to the centre two clamps producing a strain within the beam measured by LVDTs on 
the specimens. 
 
Figure 7-11 : Schematic of four point bending test 
Most four point bending frames are computer operated with feedback loop 
control systems allowing the test to be run in either controlled stress or controlled 
strain modes with complex modulus and phase angle recorded.  The test frequency 
may also be easily altered with a minimum range of 0.1 to 60Hz specified for the 
equipment, thus allowing a wide frequency characterisation of the material to be 
easily accomplished. 
7.3.1.3 Indirect tensile test on cylindrical shaped specimens (EN 12697-24 
Annex E) 
This test employs relatively small cores so has the advantage that specimens can 
be prepared either using standard laboratory compaction devices, or cored directly 
from site.  Vertical haversine loads are repeatedly applied diametrically as shown in 
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Figure 7-12 generating a horizontal strain within the specimen, ultimately leading to 
its fracture failure. 
 
Figure 7-12 : Schematic of Indirect tensile test on cylindrical shaped specimens 
The test is commonly referred to as the Indirect Tensile Fatigue Test (ITFT) which 
was a development draft specification (BS DD ABF:1995) but the ITFT method is not 
strictly according to the EN standard as this also requires a horizontal extensometer 
fixed to the specimen to measure strain. 
The test is usually performed at 20°C in the UK where it remains a popular test, 
or at lower temperatures in the Scandinavian countries where it is also in common 
use.  Its popularity is a consequence of comparatively simple specimen preparation 
combined with the relatively low cost equipment necessary to perform the test.  
However, as the test is in reality a fracture test rather than a true fatigue test and can 
only be performed in controlled stress mode, its application in fundamental research 
is limited. 
7.3.1.4 Direct tension cyclic fatigue of cylindrical specimens 
Following the introduction of the Superpave asphalt design process in the early 
1990’s it was recognized that it did not include a final measurement of the asphalt 
modulus.  In 1996 the Federal Highway Administration provided funding into the 
development of a new test to address this problem which led to the development of 
the Simple Performance Tester (Witczak et al. 2002, Bonaquist, Christensen and 
Stump 2003, Bonaquist 2008). 
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This method uses cylindrical specimens 100mm in diameter by 150mm high cored 
from larger gyratory prepared cores.  The end of the specimens must be accurately 
sawn parallel to one another and platens adhered to the top and bottom.  To measure 
the specimen deformation LVDT’s are mounted directly onto the specimen, as shown 
schematically in Figure 7-13.  A sinusoidal load is applied to the specimen to 
determine its dynamic modulus and phase angle at frequencies from 0.1Hz up to 
25Hz.  Static and repeated load creep tests may also be performed to determine flow 
characteristics as an indicator of rutting potential. 
More recently the device has also been used in cyclic fatigue mode to determine 
asphalt fatigue and the method standardised as AASHTO TP 107 (2014). 
 
Figure 7-13 : Schematic of direct tension cyclic testing of cylindrical specimens 
The complex LVDT arrangement and comparatively difficult specimen 
preparation has so far limited the introduction of this device outside of the USA.  
Furthermore, the large specimen sizes usually precludes the use of site cores and not 
all gyratory compactors are able to manufacture tall enough specimens in the 
laboratory. 
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7.3.2 DSR Small Specimen Fatigue 
The use of a DSR to characterise the linear viscoelastic properties of small asphalt 
specimens was demonstrated in Chapter 3.  The logical extension of this testing was 
to employ higher strain levels on the DSR to damage the specimens and hence 
produce fatigue failure. 
Low strain oscillatory tests demonstrated that at 20°C 1Hz the asphalts had G* 
typically in the range 1 x 108 to 1 x 109 Pa.  The torque produced by the air bearing in 
a DSR is relatively small compared to the forces available in traditional laboratory 
asphalt fatigue tests but it was found that when using 12.2mm diameter specimens 
the maximum torque available on the DSR produced strains of over 0.2% even for the 
highest modulus materials, and therefore in the damaging zone. 
To produce the small specimens for fatigue testing asphalt slabs 305x305x70mm 
were prepared to the mix-design detailed in section 3.2.  These were sawn into 50mm 
thick sections and small cores extracted as shown in Figure 7-14.  Smaller Marshall or 
gyratory cores could have been used, but the slabs were also required for the later 
trapezoidal testing and by taking the small cores from slab slices a direct comparison 
of results from the two methods was possible. 
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Figure 7-14 : Asphalt slab sections after small specimen coring 
Prior to each fatigue test a low strain frequency sweep was carried out at a strain 
of 0.001% from 0.1 to 100Hz to characterise the linear viscoelastic properties.  The 
specimen was then further conditioned for 5 minutes at 1Hz, 0.001% to determine 
the undamaged properties of the specimen. 
Fatigue testing was carried out in controlled strain mode on the DSR at 20°C at a 
frequency of 1Hz and a strain of 0.2%, with the test terminated when the complex 
modulus had reduced to less than 1 x 107 Pa.  For each asphalt mixture six specimens 
were analysed with the typical evolutions for complex modulus and phase angle 
shown in Figure 7-15 and Figure 7-16. 
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Figure 7-15 : Evolution of complex modulus in small specimen fatigue for asphalt AV0 
 
Figure 7-16 : Evolution of phase angle in small specimen fatigue for asphalt AV0 
Figure 7-17 shows the six fatigue curves for asphalt AVH, and as can be seen all 
the tests follow the expected evolution pattern with a reasonable degree of 
correlation between each test when plotted on a logarithmic scale. 
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Figure 7-17 : Small specimen fatigue results for asphalt AVH 
However, if the point of specimen failure is taken as a 50% drop in initial modulus 
and the number of cycles to failure plotted on a linear scale the range of results can 
be seen to be rather high as seen in Figure 7-18. 
Unexpectedly, the binder composition was also seen to have little effect on the 
number of cycles to failure, with the unmodified asphalts outperforming the asphalts 
produced with PmBs. 
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Figure 7-18 : Mean, minimum and maximum cycles to failure for small asphalt 
specimen fatigue tests 
During the coring of the small specimens some cores fractured during extraction 
from the slab slice.  Whilst these broken specimens were discarded it can be surmised 
that a degree of microcracking occurred during the coring process for all the 
specimens, and that these microcracks led to multiple crack initiation sites which in 
turn resulted in the large spread of fatigue life results.  Whilst this microcracking is 
likely to be common to all fatigue testing where specimens are cored or sawn, for 
small specimens the effect is exaggerated due to the large nominal maximum 
aggregate size relative to the specimen size. 
The results of these tests therefore imply that whilst traditional fatigue testing of 
small specimens is possible using the DSR it has limited direct potential as a predictor 
of engineering behaviour using a tradition cycles to failure approach. 
7.3.2.1 Application of VECD Theory to Small Specimens 
The majority of VECD asphalt analysis has been performed in the uniaxial push-
pull geometry (Kutay, Gibson and Youtcheff 2008, Xie and Shen 2015) although it has 
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also been successfully applied to other geometries such as the 4-point bending 
method (Mello, Kaloush and Farias 2010, Haddadi et al. 2015) 
Whilst in this research the spread of data from small specimen fatigue testing was 
found to be high during the traditional fatigue tests a VECD analysis of the results was 
still possible.  The relaxation parameter, m, was first determined from the specimen’s 
linear viscoelastic properties with the mean results for each asphalt mixture shown 
in Figure 7-19. 
 
Figure 7-19 : Relaxation parameter m determine from small specimen tests 
These results show that m decreases with increasing polymer modification, with 
broadly similar values for the two asphalt mixtures.  It was also noteworthy that the 
30/45 based asphalts had m-values similar to the other unmodified asphalts even 
though they were closer in stiffness to the polymer modified asphalts. 
The C-S curves for each asphalt mixture were then calculated using Equation 7-
17, with the results for asphalt AVH shown in Figure 7-20.  The units used in the 
calculation were engineering strain and modulus in kilopascals to enable a direct 
comparison to be made with the work of Kutay, Gibson and Youtcheff (2008) with 
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the same units used in all subsequent analysis of alternative asphalt geometries.  For 
each set of six small specimen tests a best fit C-S line of Equation 7-20, was 
determined. The solver function in Excel was used to determine the best fit 
coefficients for C1 and C2 by reducing the absolute mean error between the best fit 
C-S curve and the measured data to a minimum as shown in Figure 7-20. 
 
Figure 7-20 : C-S curves for asphalt AVH 
As can be seen the high degree of scatter in the traditional test data is also 
reflected in the C-S curves, particularly at higher damage levels where significant 
crack propagation within the specimen has already taken place.  However, up to C = 
0.5, which is the traditional value taken for fatigue failure, the curve overlap is more 
reasonable, implying broadly equivalent asphalt damage performance.  By restricting 
the data used in the calculation of C-S best fit curves to a minimum of C=0.5 the 
specimen to specimen scatter was reduced, and also allowed a direct comparison to 
traditional fatigue testing using the 50% reduction in modulus as the failure criteria. 
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To estimate the error in the C-S curves to a fixed value of C Equation 7-20 may be 
rearranged to allow a least squares linear regression of the C-S curves to be 
performed as follows 
𝑪𝟏𝑺
𝑪𝟐 = 𝟏 − 𝑪        Equation 7-34 
𝒍𝒐𝒈𝑪𝟏 + 𝑪𝟐𝒍𝒐𝒈𝑺 = 𝐥𝐨𝐠(𝟏 − 𝑪)      Equation 7-35 
𝒍𝒐𝒈𝑺 =
𝐥𝐨𝐠 (𝟏−𝑪)
𝐥𝐨𝐠 𝑪𝟐
−
𝒍𝒐𝒈𝑪𝟏 
𝒍𝒐𝒈𝑪𝟐
        Equation 7-36 
Therefore, a least squares linear regression plot of log S versus of log (1-C) will 
have a slope of 1/log C2 and intercept –logC1/logC2.  The best fit values of C1 and C2 
were determined for each asphalt mixture along with the standard error which 
allowed the 95% maximum and minimum confidence level curves to also be 
determined as shown in Figure 7-21 below. 
 
Figure 7-21 : C-S curves with best fit and 95% confidence intervals for asphalt for 
asphalt AVH using data points with C>=0.5 
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The best fit lines were then used to calculate the strain level necessary to produce 
1,000,000 cycles to failure using Equation 7-30 as shown in Figure 7-22 and Figure 
7-23, with the error bars representing the 95% confidence levels. 
 
Figure 7-22 : Calculated microstrain for 1,000,000 cycles to failure for limestone based 
small specimens 
 211 
 
 
Figure 7-23 : Calculated microstrain for 1,000,000 cycles to failure for gritstone based 
small specimens 
In contrast to the results in Figure 7-18 clear differences were seen between the 
unmodified and polymer modified asphalts with increase microstrain required to 
produce the same number of cycles to failure in the polymer modified materials.  
However, the magnitude of the predicted error in the necessary microstrain was seen 
to be variable and in some cases relatively high, implying that this approach should 
be best considered as a screening tool rather than a quantitative pavement design 
tool.  Analysis of additional test specimens could be considered to improve the 
confidence in the result, but the extra material and testing time would negate many 
of the advantages of the small specimen approach. 
7.3.3 2 point bending trapezoidal 
To support the results of the small specimen testing results from an established 
asphalt fatigue method were also required, with the 2 point bending trapezoidal 
method selected. 
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To prepare the specimens for fatigue testing a cutting tool was developed to allow 
the trapezoidal specimens to be cut from the large slabs on the Clipper saw with 
details of the procedure included as Appendix B. 
The trapezoidal specimens were tested on the apparatus shown in Figure 7-24.  
All specimens were conditioned and tested at 20°C at a test frequency of 25Hz.  For 
each asphalt mixture four specimens were tested with two each at 120 and 160 
microstrain.  Each pair of tests was halted when the modulus reduced to 10% of its 
original value. 
 
Figure 7-24 : Trapezoidal 2-Point Bending Apparatus 
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The measured strain, phase angle and modulus were periodically recorded on a 
local PC throughout the test as shown in Figure 7-25 and Figure 7-26 for asphalt AVM. 
 
Figure 7-25 : Evolution of complex modulus for asphalt AVM in 2PB fatigue 
 
Figure 7-26 : Evolution of phase angle for asphalt AVM in 2PB fatigue 
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A reasonable degree of repeatability was observed in these tests, although for 
some asphalts the repeatability between specimens at the same strain level was far 
poorer such as in asphalt AV0 as shown in Figure 7-27. 
 
Figure 7-27 : Evolution of complex modulus for asphalt AV0 in 2PB fatigue 
To produce a S-N curve according to EN 12697-24 eighteen specimens should be 
tested.  However, even though in this study only four specimens were tested at two 
strain levels an estimate of S-N performance was still possible as shown in Figure 7-28 
for asphalt AV0 with a best-fit regression power law applied to each asphalt. 
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Figure 7-28 : S-N diagrams for 2 point trapezoidal bending 
As only four data points were used to construct the S-N diagrams the accuracy of 
the predicted fatigue lines could be questioned, but with the exception of asphalt 
BM0 all the fatigue lines followed the expected pattern with the polymer modified 
asphalts demonstrating a greater number of cycles to failure. 
Using the same approach as previously the trapezoidal fatigue data was 
converted into C-S curves with the m-value determined earlier in the small specimen 
testing used in the calculation.  As can be seen in the examples Figure 7-29 and Figure 
7-30 a good overlap is again observed.  This was particularly interesting for asphalt 
AV0 which in Figure 7-27 displayed an apparently poor repeatability between 
individual specimens, but in Figure 7-30 the data converges implying the internal 
damage evolution is equivalent for all specimens. 
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Figure 7-29 : C-S curves for asphalt AVM 
 
Figure 7-30 : C-S curves for asphalt AV0 
The same methodology used in section 7.3.2.1 was then used to calculate the best 
fit C-S curves. Figure 7-31 shows the best fit curve for asphalt AVO along with the 95% 
confidence intervals for the best fit curves. 
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Figure 7-31 : C-S data with best fit and 95% confidence intervals for asphalt AV0 
BS EN 12697-24 states the 95% repeatability for the determination of 1,000,000 
cycles to failure is 4.2 microstrain.  This is for a complete test with 18 specimens so 
the error using only 4 specimens as in this research will actually be higher.  Figure 
7-32 demonstrates the correlation between the strain for 1,000,000 cycles to failure 
using VECD calculation and the traditional Wöhler diagram with the estimated error 
in each value included as error bars.  The degree of correlation was remarkably high 
confirming that an accelerated test regime analysed via VECD provided a good 
estimation of the performance of a traditional test at low strain levels. 
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Figure 7-32 : Correlation between 1,000,000 cycles to failure from VECD calculations 
and traditional Wöhler diagrams 
7.3.4 Correlation between Small Specimen and Trapezoidal Fatigue 
As observed earlier the spread of data from the small specimen fatigue tests was 
higher than desirable even when transformed into C-S space.  However, to assess the 
potential applications of small specimen tests the mean complex modulus and phase 
angles were compared to the results from the trapezoidal tests in Figure 7-33 and 
Figure 7-34. 
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Figure 7-33 : Correlation between small specimen and trapezoidal modulus at 25Hz 
 
Figure 7-34 : Correlation between small specimen and trapezoidal phase angle at 25Hz 
A good degree of correlation was observed in both cases, confirming the results 
from Chapter 3 that DSR testing of small specimen linear viscoelastic produces valid 
results in good agreement with more traditional full sized specimens.  Furthermore, 
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the trapezoidal test was performed at a higher frequency than was possible with the 
uniaxial testing demonstrating that small specimen testing is effective across a wide 
range of frequencies. 
 
Figure 7-35 : Correlation between strain at 1,000,000 cycles to failure from small 
specimen VECD calculations and trapezoidal Wöhler diagrams 
The correlation between the strain at 1,000,000 cycles to failure calculated using 
VECD for small specimens and the estimated value for trapezoidal specimens from 
Wöhler diagrams is shown in Figure 7-35 and demonstrates a remarkably good 
degree of correlation. 
Whilst the correlation would not be sufficient to allow engineering judgements to 
be made using the small specimen approach it could be useful as a screening tool 
prior to full fatigue analysis for pavement design compliance purposes.  This would 
only require a relatively small quantity of asphalt such as a Marshall or gyratory 
specimen to be prepared for each asphalt mixture type, from which ample small 
specimen cores could be drilled to allow a rapid VECD analysis to be undertaken in 
one to two days.  This compares to even a short investigatory trapezoidal assessment 
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which would require a full sized asphalt slab to be prepared and take a minimum of 
a week to test. 
 
Figure 7-36 : Correlation between VECD calculated strain at 1,000,000 cycles to failure 
from small specimens and trapezoidal tests 
The VECD calculated strain at 1,000,000 cycles to failure for both small specimens 
and trapezoidal tests are shown in Figure 7-36 with the calculated 95% confidence 
limits included as error bars.  Although two outlier points were seen there was still a 
surprisingly good correlation between the two strain levels, again suggesting that a 
VECD small specimen approach could be a valuable mixture fatigue life assessment 
tool. 
7.3.5 SCB Crack Growth and Fatigue 
In Chapter 4 cyclic SCB testing of notched specimens was undertaken with the 
results analysed in terms of their crack growth rates.  Figure 7-37 shows the results 
from these tests summarised as a classical Wöhler or S-N diagram. 
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Figure 7-37 : S-N diagram for limestone based dynamic SCB testing 
A best fit power curve was applied and from this regression line the stress 
necessary to achieve 100,000 cycles to failure was calculated and reported in Table 
7-3.  This demonstrates the significant increase in stress necessary to produce the 
same level of damage with increasing polymer modification. 
 AV0 AVL AVM AVH 
Initial horizontal 
stress for 100,000 
cycles (Nmm-2) 
0.156 0.245 0.333 0.368 
R2 0.956 0.975 0.986 0.983 
Table 7-3 : Horizontal stresses for 100,000 cycles to failure 
7.3.5.1 VECD Fatigue Life 
Whilst cyclic SCB testing is relatively straightforward in terms of sample 
preparation it still requires many hours or days to complete the testing, especially at 
low stresses when constructing a traditional Wöhler diagram. 
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Equation 7-17 was again used to determine the characteristic C-S damage curves 
for each asphalt, and a good collapse of the test results observed as shown in Figure 
7-38. 
 
Figure 7-38 : C-S curves for asphalt AVH 
7.3.5.2 Fatigue Life Predictions using VECD Model Data 
As discussed earlier one of the major practical inconveniences with traditional 
fatigue testing is the very long test duration with lower applied loads.  Therefore, the 
C-S curves were determined using only the higher stress tests with 1kN and 2kN peak 
to peak loadings and the same Equation 7-20 as previously used for the trapezoidal 
testing was employed to model the C-S curves.  A best fit C-S curve was determined 
and the C1 and C2 regression coefficients found for each asphalt mixture. 
Underwood, Kim and Guddati (2006) showed how, once the characteristic C-S 
curve for a material is known, it may be used to model further laboratory tests carried 
out under alternative test conditions by iteratively solving Equation 7-37 
𝑺𝑵+𝚫𝑵 = 𝑺𝑵 + (
𝚫𝑵
𝒇
) (−
𝑰𝜸𝑹
𝟐
𝟐
𝝏𝑪
𝝏𝑺
)
𝜶
    Equation 7-37 
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To demonstrate this an additional cyclic SCB test was performed on asphalt AVH at 
the lower 0.5kN peak to peak load level.  The specimen’s initial modulus was 6502 
MPa and was tested to failure as normal.  The values of C1 and C2 which had been 
previously determined using the higher loading levels were used to solve Equation   
7-37 and hence predict the specimen’s modulus throughout the test as shown in 
Figure 7-39. 
Whilst each specimen is undamaged with S = 0 at N = 0, due to the iterative method 
employed a small value for S at N = 1 was necessary for the simulation to progress 
with S = 100 found to produce satisfactory results. 
 
Figure 7-39 : Predicted and measured asphalt AVH SCB modulus evolution with 0.5 kN 
peak to peak loading 
As can be seen the VECD model shows a good agreement with the experimental 
data further demonstrating the predictive capabilities of the theory. 
 
 
 225 
 
7.4 Concluding Remarks 
This chapter has demonstrated the application of VECD theory to reduce both 
test duration and the material requirements for fatigue testing of binders and 
asphalts. 
VECD theory was applied to Time Sweep binder fatigue tests and to results from 
the Linear Amplitude Sweep Test.  In both cases predictions were made of the strain 
levels necessary for 1,000,000 cycles to failure, with the results ranking in line with 
traditional Wöhler analysis.  However, the VECD technique was found to 
underestimate the strain level compared to the traditional analysis, with the 
difference increasing with higher levels of polymer modification.  This was attributed 
to the VECD analysis including non-linear recoverable strain as damage, and 
therefore implying that in practical situations PmBs withstand higher levels of strain 
before permanent damage occurs. 
Fatigue analysis of small specimens was undertaken with no clear correlation 
between the number of cycles to failure and the asphalt composition.  However, a 
VECD analysis of the data revealed that practically useful fatigue performance data 
could be generated, and that the expected behaviour of improved fatigue 
performance with increasing polymer content in the binder demonstrated.  
Furthermore, the small specimen fatigue data was compared to results from full scale 
trapezoidal two-point bending fatigue tests with a good degree of correlation.  Whilst 
some scatter in the correlation and data was found, it was suggested that the small 
specimen fatigue tests could be a valuable screening tool during the initial mixture 
design stage and that it could be performed with considerably less material and in a 
shorter time period than a traditional test technique. 
A VECD analysis of the SCB notched cyclic test performed in chapter 4 
demonstrated that unique C-S damage curves could also be generated in this testing 
mode.  Furthermore, the C-S curves were used to successfully predict the behaviour 
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of low applied stress tests using the C-S curves produced from higher stress tests, 
saving significant experimental time. 
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8 CONCLUSIONS AND RECOMMENDATIONS 
8.1 Conclusions 
This research has clearly identified approaches for both binders and asphalt which 
allow the improved cracking and fatigue performance of asphalt to be characterised. 
A standard laboratory Dynamic Shear Rheometer (DSR) was successfully 
employed to determine the linear viscoelastic properties of small 12- 14mm diameter 
specimens of full asphalt mixtures.  The correlation of the small specimen results to 
those from full sized specimens, in both uniaxial and trapezoidal geometries, 
demonstrated the remarkable potential of this approach to generate valuable 
engineering information.  Due to the already wide availability of DSRs in bitumen and 
asphalt laboratories this technique allows the viscoelastic properties of asphalt to be 
determined at a considerably reduced cost.  Furthermore, as multiple small specimen 
cores can be obtained from a single laboratory produced gyratory or Marshall sized 
specimen, the quantity of material necessary to perform an investigation is 
dramatically reduced. 
Viscoelastic Continuum Damage (VECD) theory was successfully applied to the 
fatigue analysis of binders and asphalts.  Significant improvements in the fatigue 
lifetimes of materials containing polymer modified bitumen (PmBs) were 
demonstrated using both a traditional Time Sweep (TS) number of cycles to failure 
approach and the VECD approach. 
VECD was applied to asphalt fatigue tests of trapezoidal and notched Semi-
Circular Bend (SCB) geometries.  In both these geometries VECD analysis allowed the 
prediction of low stress and strain fatigue performance from high stress and strain 
tests which could be completed in only a few hours, therefore significantly reducing 
the required total fatigue test duration which would usually be many days, weeks, or 
even months. 
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Small specimens were also tested in fatigue mode, but the number of cycles to 
failure were found to be a poor predictor of fatigue performance in full sized 
specimens.  This was believed to be a consequence of the increased density of 
microcracks and crack initiation points in the small specimens compared to 
traditionally sized specimens.  However, when the small specimen fatigue tests were 
analysed using VECD, the results were found to produce a good level of correlation 
to fatigue results of traditional full sized trapezoidal specimens.  Therefore, this 
technique could provide a useful screening tool for asphalt fatigue performance 
during the mix design stage as it requires far lower quantities of material, utilises a 
relatively low cost piece of equipment and is able to be completed in a few days.  As 
a consequence, the improved performance of the asphalts manufactured with PmBs 
was demonstrated with reduced time, equipment and material costs than traditional 
techniques. 
However, during binder fatigue testing, it was found that whilst the ranking of the 
fatigue performance was the same using VECD and TS approaches the absolute values 
did not agree, with the difference increasing with polymer content of the PmB.  This 
is a consequence of non-linear recoverable strain being included as damage within 
the VECD analysis, and also implies that PmBs are able to tolerate higher strain levels 
before incurring permanent damage. 
Binder testing demonstrated the significant differences in binder rheology 
between crude sources, with polymer modification shown to reduce the short term 
ageing of the binder.  Crude source was also shown to have a significant impact on 
polymer-binder compatibility and the internal microstructure of the modified binder.  
A quantitative technique to determine the storage stability of the PmB was 
developed using attenuated Fourier Transform Infra-Red spectroscopy which used 
less material and could be performed more rapidly than traditional empirical 
techniques. 
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Monotonic SCB tests demonstrated that, at 20°C, asphalt displays a 
predominantly plastic rather than elastic fracture response. Therefore, the use of a 
linearly elastic model is unable to fully characterise the asphalt’s fracture behaviour.  
The critical strain energy release rate (JIC) was shown to provide an improved 
explanation of the fracture performance of asphalt containing PmB, with equi-
stiffness unmodified asphalts displaying very low JIC due to brittle failure. 
Crack propagation in cyclic SCB testing was characterised using a Paris Law and a 
generalised J-integral model.  Surprisingly it was found that the model coefficients 
did not clearly relate to the asphalt’s binder properties.  However, the models were 
successfully used to predict crack propagation rates in a model pavement structure 
where the J-integral model predicted a longer service life than the Paris Law model 
in all but one of the assessments.  This was further evidence that to accurately depict 
asphalt performance a simple linearly elastic model is insufficient to capture the full 
material properties. 
The eXtended Finite Element Method (XFEM) was successfully used to model the 
monotonic crack propagation in the notched SCB test.  It was concluded that XFEM 
presents a highly efficient approach for the modelling of cracks in viscoelastic 
materials such as asphalt as the crack is free to propagate in any direction.  Therefore, 
the XFEM approach has the potential to model multiple and more complex mode 
mixed mode cracks which will more accurately depict real pavement structure 
performance. 
A technique was developed to allow high-strain rate measurements of the binder 
to aggregate practical work of adhesion to be determined.  The theoretical work of 
adhesion was also determined via surface energy measurements and surprisingly no 
correlations were found between the theoretical or practical work of adhesion and 
the measured fatigue and fracture properties of asphalt.  This implies that the dry 
fracture and fatigue failure mechanism of asphalt is not related to the surface energy 
properties of either the binder or aggregate, but it must instead be a bulk binder 
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property.  Furthermore, the lack of differentiation between the practical work of 
adhesion from substantially different binders in this study also implies that high strain 
rate testing is not the most appropriate test regime. 
8.2 Recommendations for Further Work 
The PmBs used in this research were all laboratory produced and shown to be 
unstable.  The majority of commercially available PmBs are storage stable and 
extending the test regime to include these, or laboratory produced storage stable 
PmBs, could offer further insights as a homogenous PmB may lead to a change in 
fracture and fatigue performance.  The inclusion of alternative polymer structures 
and chemistries could also be considered. 
The crack propagation analysis of cyclic SCB tests was found to include a high 
degree of scatter in the results.  Improved techniques to monitor and record the crack 
tip position are clearly necessary to fully capture the fracture properties of the 
asphalt before accurate modelling can be realised. 
The XFEM model of asphalt cracking could be extended to include the effects of 
temperature or micromechanical models of the aggregate-mastic behaviour.  Whilst 
computationally intensive, extension to modelling of cyclic loading would also be of 
great interest and offer further insights into asphalt crack propagation and fatigue 
performance. 
Further aggregate-binder adhesion tests could be considered at alternative strain 
rates and temperatures.  Whilst lower strain rate testing would include the energy 
expended in binder ductile flow in the measured bond energy, this may prove a more 
effective indicator of asphalt’s practical fracture and fatigue performance. 
The results of this research demonstrate that the small specimen test technique 
can be used to determine the linear viscoelastic properties of asphalt and provide 
rapid screening of asphalt fatigue by employing VECD theory.  However, as this 
research only evaluated two mixtures and nine binders, it is recommended that 
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additional materials are assessed to determine the full scope for the technique.  
Whist the correlation to large scale specimen linear viscoelastic properties in this 
research was remarkable it is unknown at this stage if this also applies to mixtures 
with larger nominal maximum aggregate sizes relative to the small specimen 
diameter, or to higher void content mixtures where edge effects could be more 
significant.  To further improve the precision of linear viscoelastic determinations 
larger diameter specimens could be analysed on the DSR.  However, this would limit 
the technique to non-damaging strain levels due to the torque limitations of the DSR. 
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Appendix A : Crack growth rate figures 
The complete set of crack growth rate figures from Chapter 4 are shown below. 
 
Figure A-1 : Crack growth rate versus ΔK1 for AV0 
 
Figure A-2 : Crack growth rate versus ΔK1 for AVL 
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Figure A-3 : Crack growth rate versus ΔK1 for AVM 
 
Figure A-4 : Crack growth rate versus ΔK1 for AVH 
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Figure A-5 : Crack growth rate versus ΔK1 for BV0 
 
Figure A-6 : Crack growth rate versus ΔK1 for BVL 
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Figure A-7 : Crack growth rate versus ΔK1 for BVM 
 
Figure A-8 : Crack growth rate versus ΔK1 for BVH 
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Figure A-9 : Crack growth rate versus Wf for AV0 
 
Figure A-10 : Crack growth rate versus Wf for AVL 
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Figure A-11 : Crack growth rate versus Wf for AVM 
 
Figure A-12 : Crack growth rate versus Wf for AVH 
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Figure A-13 : Crack growth rate versus Wf for BV0 
 
Figure A-14 : Crack growth rate versus Wf for BVL 
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Figure A-15 : Crack growth rate versus Wf for BVM 
 
Figure A-16 : Crack growth rate versus Wf for BVH 
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Appendix B : Preparation of trapezoidal specimens for 2 point 
bending tests 
The specimens required for modulus and fatigue testing on the 2-point bending apparatus 
according to BS EN 12697-24 (Bituminous mixtures – Test methods for hot mix asphalt Part 
24:Resistance to fatigue) must be prepared to the dimensions in Table B-1 below, where D is 
the nominal maximum aggregate size. 
Dimensions of 
the specimens 
D <= 14mm 14 < D <=20mm 20 < D <= 40mm 
B 56 ± 1 mm 70 ± 1 mm 70 ± 1 mm 
b 25 ± 1 mm 25 ± 1 mm 25 ± 1 mm 
e 25 ± 1 mm 25 ± 1 mm 50 ± 1 mm 
h 250 ± 1 mm 250 ± 1 mm 250 ± 1mm 
Table B-1 : Dimension of the trapezoidal specimens to BS EN 12697-24 
 
Figure A-1 : Trapezoidal specimen geometry 
h 
b 
e 
B 
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Specimens with D ≤ 14mm were manufactured from standard lab prepared asphalt 
samples 305mm x 305mm x 70mm using a clipper saw and bespoke jig.  Safety boots, safety 
glasses, ear plugs/defenders, and lab coat/overalls must be worn during the cutting 
operation.  The procedure for cutting the specimens is detailed below. 
Tools Required : Cutting jig, clipper saw, 6 and 8mm hex key, mole grips, paint scraper. 
Fix the base plate to the Clipper 
saw table. 
 
Ensure the blade is aligned and 
square to the edge of the base plate. 
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Position the slab and cut 25mm 
slices (or as required).  Take care not 
to use excessive force as this will 
damage the blade and the asphalt.  
Ensure adequate water is present in 
the saw reservoir to cool the blade 
during cutting.  Label each slice after 
cutting. 
 
Insert dowel pin in the far left 
position, and trim the top of the slice. 
 
Move the dowel pin to the second 
position.  Rotate the slice and trim the 
other end.  This should produce a 
specimen with a length of 250mm. 
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Remove the large table block from 
the base plate. 
Clamp the slice in the trapezoidal 
cutting jig and locate jig onto the base 
plate with the dowels. 
Trim one edge of the trapezoidal 
specimen.  
 
Lift the jig assembly from the base 
plate but do not remove the specimen 
from its clamp.  Unscrew the 
supporting block from the base plate. 
Swap the positions of the jig/block 
to cut the second side of the 
trapezoidal specimen. 
Remove the completed specimen 
from the clamp.  
Example trapezoidal specimens 
showing the pieces cut from each 
slice. 
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Once dried each specimen must be 
measured for height and width to 
ensure compliance with the 
specification. 
 
Finally the specimens must be 
adhered to the top and bottom 
platens using 2 part epoxy glue. 
 
 
